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ABSTRACT 
The influence of temperature on soil engineering properties is a major concern in 
the design of engineering systems such as radioactive waste disposal barriers, ground 
source heat pump systems and pavement structures. In particular, moisture redistribution 
under pavement systems might lead to changes in unbound material stiffness that will 
affect pavement performance. Accurate measurement of thermal effects on unsaturated 
soil hydraulic properties may lead to reduction in design and construction costs. This 
thesis presents preliminary results of an experimental study aimed at determining the 
effect of temperature on the soil water characteristic curve (SWCC) and the unsaturated 
hydraulic conductivity function (kunsat). Pressure plate devices with volume change 
control were used to determine the SWCC and the instantaneous profile method was used 
to obtain the kunsat function. These properties were measured on two fine-grained 
materials subjected to controlled temperatures of 5oC, 25oC and 40oC. The results were 
used to perform a sensitivity analysis of the effect of temperature changes on the 
prediction of moisture movement under a covered area. In addition, two more simulations 
were performed where changes in hydraulic properties were done in a stepwise fashion. 
The findings were compared to field measured water content data obtained on the 
subgrade material of the FAA William Hughes test facility located in Atlantic City. 
Results indicated that temperature affects the unsaturated hydraulic properties of the two 
soils used in the study. For the DuPont soil, a soil with high plasticity, it was found that 
the water retention was higher at low temperatures for suction levels lower than about 
10,000 kPa; while the kunsat functions at the three temperatures were not significantly 
different. For the County soil, a material with medium plasticity, it was found that it 
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holds around 10% more degree of saturation at 5°C than that at 40°C for suction levels 
higher than about 1,000 kPa; while the hydraulic conductivity at 40°C was at least one 
order of magnitude higher than that at 5°C, for suction levels higher than 1,000 kPa. 
These properties were used to perform two types of numerical analyses: a sensitivity 
analysis and stepwise analysis. Absolute differences between predicted and field 
measured data were considered to be acceptable, ranging from 4.5% to 9% for all 
simulations. Overall results show an improvement in predictions when non-isothermal 
conditions were used over the predictions obtained with isothermal conditions. 
.
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1 Introduction 
1.1 Background 
While several sophisticated analytical models for the coupled hydro-thermal-
mechanical behavior of unsaturated soil are available, data for validating these models 
and for evaluating the relevant soil properties are very scarce in the literature due to the 
length of time required to obtain them in the laboratory. Nevertheless, the coupled 
thermo-hydro-mechanical behavior of unsaturated soil has taken on increased importance 
in recent years due to its importance to a variety of emerging geotechnical problems.  
Several of these emerging problems include the design of efficient shallow geothermal 
energy systems, the development of evapo-transpirative soil covers for landfills, the 
development of a new mechanistic methodology for highway and airfield pavements 
systems, and the design of underground repositories for nuclear waste.  This thesis 
focuses upon the development of data necessary for validation of advanced constitutive 
models available to explain these processes. 
The soil hydraulic conductivity defines the rate at which water flow is allowed 
through its interconnected voids and it is generally assumed to be a constant value for 
saturated soil conditions (Das, 2008). However, the hydraulic conductivity varies widely 
(several orders of magnitude) depending on the soil stress state (i.e., matric suction and 
net normal stress). Since water can only flow through the space filled with water, as soil 
desaturates, the hydraulic conductivity decreases due to a decrease in the water cross-
sectional area (Fredlund and Rahardjo, 2012). 
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Previous studies show that temperature affects the Soil Water Characteristic 
Curve (SWCC) and the coefficient of hydraulic conductivity of soil due to the change in 
density and dynamic viscosity of water.  When only free water is taken into account, the 
liquid phase flow can be expressed by Darcy’s (1856) Law: 
𝑞1 = −
𝑘𝑖𝑘𝑟
𝜇1
(∇𝑝𝑖 − 𝜌𝑖𝑔) 
Where: q1 is the liquid flow, ki is the intrinsic hydraulic conductivity, kr is the 
relatively hydraulic conductivity, μ1 is the water dynamic viscosity,  pi is the matric 
suction, ρi is the water density, and g  is the gravitation acceleration. It is important to 
recognize that the dynamic viscosity and density of water are a function of temperature. 
The Soil Water Characteristic Curve (SWCC) plays an important role in the 
application of unsaturated soil since several unsaturated soil property functions are 
related to it. Properties, such as hydraulic conductivity, shear strength, chemical 
diffusivity, specific heat and thermal conductivity in unsaturated soil, are affected by 
moisture content which varies with matric suction. The SWCC is broadly defined as the 
relationship between the amount of water in a soil and soil suction (Fredlund and 
Rahardjo, 2012). It describes the soil’s ability to absorb or retain water at different matric 
suctions. At relative lower matric suction, the soil tends to absorb/retain more water than 
at higher condition. When the soil is fully saturated, the potential of the pore water is 
equal to the potential of free water, and the soil matric suction is zero.  
There are several  of research studies have investigated laboratory studies 
regarding the thermal effect on hydraulic properties of saturated soil (Towhata et al., 
1993; Khemissa, 1998; Cho et al.,1999; Delage et al., 2000). However, there are fewer 
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laboratory results concerning unsaturated soil conditions (Hopmans and Dane 1986, 
Nimmo and Miller, 1986; Constantz, 1991; Wan 1996; She and Sleep, 1998). These 
results have been obtained for a sandy soil, clay and a mixture of both (Hopmans and 
Dane, 1986, Romero, 2001 and Zhang 2013). However, they are limited to measurements 
at low suction or low temperatures. Apart from laboratory experiments, EL-Keshky (2011) 
assessed the thermal effect on the SWCC by collecting and statistically analyzing the 
effect of air temperature on suction for more than 4,800 soils from the National 
Resources Conservation Service database. 
Historically, the material properties used in airfield pavement design are based on 
the saturated condition of the soil, which is the worst case scenario. However, the 
saturated condition is very conservative and does not reflect real site conditions when 
unsaturated conditions prevail. Recently, due to significant advancements of pavement 
systems design based on unsaturated soil mechanics, the prediction of the performance of 
pavement systems is more capable of consideration real seasonal temperature changes 
and their influence in the pore pressures or soil suction stress. In turn, the prediction of 
suction allows the estimation of water content changes and redistribution of moisture in 
the unbound materials under pavements for any specific environmental location of design 
site. The new AASHTO Mechanistic-Empirical Pavement Design Guide (M-EPDG) for 
highway pavements incorporates this approach into the design methodology of pavement 
performance for specific environmental site conditions.  
This thesis study was motivated by observations made by the pavement engineers 
of the FAA William Hughes test facility located in Atlantic City after years of pavement 
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test section and performance studies, it was found that the stiffness of homogenous 
subgrade materials changed with time under identical loading conditions. It was 
hypothesized that the changes in stiffness resulted from redistribution of moisture content 
attributed to thermal environmental effects within the covered testing facility. In order to 
investigate this hypothesis, the unsaturated hydraulic properties of the two clayey silt soil 
materials were studied and a numerical analysis, which included sensitivity and stepwise 
analyses on the influence of temperature changes in the moisture movement under the 
pavement structure was performed.   
1.2 Objective 
The major objective of this study was to quantitatively evaluate the effect of 
temperature on the hydraulic properties of two fine-grained materials at different 
temperatures. The objective of the thesis was accomplished by carrying out a systematic 
research program with three main tasks. The objective of the first task was the assessment 
of the effect of temperature on the soil water characteristic curves of two fine-grained 
materials at three different temperatures (5 ̊C, 25C̊ and 40 ̊C). The second task consisted 
of measuring and analyzing the unsaturated hydraulic conductivity functions of these 
soils at the same three temperatures (5 ̊C, 25̊C and 40 ̊C) by the instantaneous profile 
method. Finally, the third task was to conduct a numerical sensitivity analysis to 
investigate the thermal effect on the soil moisture redistribution under covered 
(impermeable) areas due to changes in their thermal-hydraulic properties. The numerical 
analysis was completed by adding simulations that used different hydraulic properties in 
5 
 
a timewise fashion, to assess the effect of real time temperature changes due to 
environmental/seasonal fluctuations.  
1.3 Scope and Limitation 
The scope of this study is limited to the laboratory measurement of unsaturated 
hydraulic properties of two relatively high plastic silty clay soils, due to the time required 
to obtain the measurement data. To put this into perspective, each unsaturated hydraulic 
conductivity function required four to six months to be completed. The temperatures used 
for this study were 5 ˚C, 25 ˚C and 40 ˚C (frozen conditions were not considered). Finally, 
the numerical modeling and stepwise analyses were limited to two-dimensional 
conditions. For results comparison, only one soil profile chosen from the existing six 
profiles in the test facility.    
1.4 Thesis Organization 
This thesis is organized and presented in six separate chapters. 
Chapter 1 provides background information about unsaturated hydraulic 
properties, thesis objectives, the scope and limitation of the work performed and thesis 
organization. 
Chapter 2 presents a detailed literature review including a description of the soil 
water characteristic curve and its importance; the definition of unsaturated hydraulic 
conductivity function and its applications; and methods and equipment to measure the 
soil water characteristic curve. Chapter 2 also includes available literature studies of 
thermal effects on unsaturated hydraulic properties. 
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Chapter 3 includes the information and data collected from the laboratory testing 
conducted to obtain soil index properties and the experimental design and procedures 
used to obtain the unsaturated hydraulic conductivity properties at different temperatures.  
Chapter 4 includes the description and results of the laboratory testing program 
utilized to obtain the soil water characteristic curves and unsaturated hydraulic 
conductivity functions. 
Chapter 5 presents the result of the numerical sensitivity study on the effect of 
temperature on the moisture redistribution of soils under a covered area, along with an 
analysis that used different hydraulic properties with time in a stepwise fashion. 
Finally, Chapter 6 presents the conclusions and discussion of the results obtained 
and recommendations for future work. 
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2 Literature Review  
2.1 Introduction of Unsaturated Hydraulic Conductivity  
The soil hydraulic conductivity defines the rate at which water is allowed to flow 
through its interconnected voids. It is generally assumed to be a constant value for 
saturated soil (Das, 2008). For unsaturated soil, however, it varies widely depending on 
stress state (matric suction). As soil desaturases, the hydraulic conductivity of soil may 
decrease by several orders. Since water can only flow through voids in soil  that consist 
of water; as the amount of water decreases, the hydraulic conductivity decreases due to 
the cross-sectional area that consists of water decreases. Apart from that, a decrease in 
amount of water in soil can cause an increase in tortuosity of flow path, these phenomena 
decreases the hydraulic conductivity (Fredlund and Rahardjo, 2012). 
The driving forces of water flow in soil are water content gradient, matric suction 
gradient and hydraulic head gradient. Geotechnical engineers describe water flow as a 
function of hydraulic gradient with Darcy’s Law. For saturated soil, Darcy (1856) 
postulated that the velocity of water flow through soil is proportional to the hydraulic 
conductivity and hydraulic gradient as below:  
𝑣𝑤 = −𝑘𝑤
𝜕ℎ𝑤
𝜕𝑦
 
Where: 𝑣𝑤 = the flow rate of water; 𝑘𝑤 = the hydraulic conductivity; 
𝜕ℎ𝑤
𝜕𝑦
  = the 
hydraulic gradient in y direction. 
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Darcy’s law is also applicable for water flow through unsaturated soil. For 
unsaturated soil, the water flow within it can be regarded as water flow only through the 
pore space that is filled with water .The air-filled void is regarded as part of the solid 
phase and thus the unsaturated soil can be treated as a saturated soil with a reduced water 
content or increased “solid” phase. 
Childs and Collis-George (1950) performed experiments on unsaturated soil to 
verify Darcy’s law and found that for a constant hydraulic conductivity, the rate of water 
flow through an unsaturated soil was linearly proportional to the hydraulic gradient. This 
finding confirmed the applicability of Darcy’s law to unsaturated soils.  
The hydraulic conductivity is a function of any two of the three soil properties 
(Lloret and Alonso, 1980): void ratio, degree of saturation and gravimetric water content. 
For unsaturated clays, the hydraulic conductivity is significantly affected by degree of 
saturation and void ratio. For soils of low compressibility, the change in void ratio is 
small and its effect on hydraulic conductivity is secondary. However, the degree of 
saturation produces much bigger changes in hydraulic conductivity. Thus, the hydraulic 
conductivity is generally described as a function of degree of saturation. Since the degree 
of saturation is also a function of matric suction, the hydraulic conductivity can be also 
described as a function of matric suction (Fredlund and Rahardjo, 2012). 
2.2 Measurements of Unsaturated Hydraulic Conductivity 
The determinations of the hydraulic properties of a soil are generally required in 
the application of water flow problems in geotechnical engineering. The unsaturated 
hydraulic conductivity can be determined by direct techniques or through indirect 
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techniques based on SWCC material. Several laboratory test techniques developed to 
measure unsaturated hydraulic conductivity are based on the assumption that Darcy’s law 
is applicable in unsaturated soil (Klute, 1972). Apart from that, since the hydraulic 
conductivity of unsaturated soil is a function of matric suction, hydraulic conductivity 
should be measured under a range of suction conditions. The flow rate of water and 
hydraulic gradient can either be a constant value or vary with time. Thus, the 
measurements can be divided into two categories: steady-state methods (flow rate and 
hydraulic gradient keep constants) and unsteady-state methods (flow rate and hydraulic 
gradient vary with time) 
In the steady-state method, the measurement of hydraulic conductivity keeps 
water flow rate and hydraulic gradient as constants across unsaturated soil specimen. The 
matric suction of the soil specimen also keeps constant. The constant hydraulic 
gradient/flow rate/matric suction produces a steady flow across the whole unsaturated soil 
specimen, which means the water flow rate into the specimen is the same as the water 
flow out of the specimen. 
Hamilton et al. (1981) described an unsteady-state method that can be used either 
in the laboratory on in situ and this procedure is called the instantaneous profile method. 
The instantaneous profile method is an unsteady state direct laboratory measurement to 
measure hydraulic conductivity on fine grain soil. The method has also been adopted by 
other researchers (Krisdani et al., 2009) and with several variations. The methodologies 
differ mainly in the flow process, the measurement of hydraulic gradient and flow rate. 
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The flow process can be a wetting process or a drying process. In the wetting 
process, the water flow into the soil specimen however in the drying process the water 
flow out of specimen. The hydraulic gradient and flow rate can be obtained using varies 
procedures. In one procedure, the pore water pressure and water content can be measured 
directly and independently. For another procedure, the pore water pressure/matric suction 
is measured directly and the water content is estimated from the SWCC. An alternative 
approach is to directly measure water pressure/matric suction and estimate the pore 
pressure from the SWCC. 
The apparatus layout of Hamilton (1981) for the instantaneous profile method is 
showed in Figure 2.1. The following procedure illustrated how a wetting process is 
performed. Inside the cylindrical permeameter is a well compacted or an undisturbed soil 
sample. Water is injected into the soil sample with a use of a hypodermic needle. To 
ensure that the water is evenly distributed across the soil surface, several pieces of filter 
paper are adhered on the surface of soil sample. Use  a hypodermic needle to vent the air 
from test specimen to the atmosphere and adhered with pieces of filter paper.  
Psychrometers or tensiometers are installed through ports to the length of specimen. 
These ports are drilled into specimen to measure suction at different times during the 
unsteady-flow process to obtain a series of hydraulic conductivity.  The tensiometers are 
used for relatively wet soil with suctions lower than 90 kPa while the psychrometers are 
used for drier soil with a suction ranging from 100 to 8,000 kPa. 
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Figure 2.1 Apparatus Layout Of Hamilton (1981) Instantaneous Profile Method 
The test initiates with an unsaturated condition and ends up with a saturated 
condition. The soil specimen is initially at an equilibrium condition .The soil moisture is 
then changed by slowly injecting water into specimen. As the soil moisture is changing, 
the soil suction was measured with tensiometers/psychrometers and record at various 
time intervals. Tensiometers replace the psychrometers when suctions lower than 100 kPa. 
The test is then terminated when water pressure at the left side of the specimen become 
positive. 
The outcome of the test are the soil suction/volumetric water content profiles 
along the soil specimen, at different time intervals .This is shown in Figure 2.2 and 2.3. 
 
Figure 2.2 Hamilton (1981) Instantaneous Profile Tests Results 
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Figure 2.3 Hamilton (1981) Instantaneous Tests Results 
Analysis of test data from Figures 2.2 and 2.3, results in the computation of the 
hydraulic conductivity. These results are plotted as a function of soil suction in Figure 2.4. 
 
Figure 2.4 Hamilton (1981) Unsaturated hydraulic Conductivity Functions From Instantaneous Profile 
Tests Results 
Jacquemin (2011) used a modified instantaneous profile method to measure 
unsaturated hydraulic conductivity of cracked and uncracked soils.  The apparatus for the 
instantaneous profile method in this study are cylindrical tubes with a standard length and 
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diameter. Soil in the cylindrical tubes is compacted in different sections with different 
water contents to create a hydraulic gradient which will drive water flow from higher 
water content to lower water content.  To calculate the unsaturated hydraulic conductivity, 
the matric suction, volumetric water content, distance between adjacent measurement 
points, diameter of the cylindrical tube, time intervals between water content and suction 
measurements must be known. In this study, filter paper is applied to measure soil suction 
and the water content of the sample is obtained directly from the sample. This procedure 
tended to cause a disturbance in soil sample.  To overcome this disturbance, a duplicate 
instantaneous profile method was adopted. Jacquemin (2011) created six identical 
cylindrical soil samples so that the soil sample can be completely sampled (destroyed) at 
every desired time period. 
Apart from the instantaneous profile method described above, the ASTM D 7664 
test method also include 3 categories (A, B and C) defining methods for quantitative 
measurement of the  hydraulic conductivity functions. Category A can be regarded as a 
modified instantaneous profile method involving measurement of the one-dimension 
profile of the volumetric water content or suction with height in a column of soil 
compacted into a rigid wall Permeameter (Figure 2.5) during transient or steady-state 
process. Category B defines the hydraulic conductivity functions by performing an axis 
translation test involving placing a soil specimen on top of a high air-entry value porous 
disk or membrane. At then applies matric suction by imposing 1 known an air pressure 
level at the top of soil sample and a water pressure at the bottom of soil sample. In 
category C, a centrifuge permeameter is adopted to involve infiltration of water through a 
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soil sample during imposed steady-state water flow process. The volumetric water 
content as a function of the suction profile is measured during the test. 
 
Figure 2.5An Apparatus Used in ASTM 7664 Category A 
Category A can be subdivided into four methods depending on the test procedures. 
All four methods induce a change of volumetric water content or suction along the depth 
of soil sample. Water will flow into the soil sample by infiltration or imbibition and out 
of the soil sample by evaporation or drainage.  Method A1 is an infiltration column test in 
which a constant infiltration rate is applied on a soil sample .Method A2 is an imbibition 
column test having water flow into the soil sample from the bottom. A constant hydraulic 
head is applied by leaving the valve of the drainage port open at the base of specimen. 
Method A3 is a drainage column test. During the test, water will flow out of the soil 
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sample into a Mariotte bottle to measure the volume of water. Method A4 is an 
evaporation column test. A fan and infrared lamp are used to applied a constant relatively 
humidity as a boundary condition on soil surface. The humidity is recorded using a 
humidity gauge. The transient volumetric water content and suction profile along the soil 
sample should be recorded in all four test methods. 
2.3 Historic Studies on Temperature Effect On Unsaturated Soil 
Hydraulic Conductivity  
The hydraulic conductivity of a porous media is directly proportional to liquid 
density, intrinsic hydraulic conductivity and the reciprocal of liquid viscosity. 
𝑘 =
K𝜌𝑔
𝜂
 
Where: k is the hydraulic conductivity, ρ is the liquid density, K is the intrinsic 
hydraulic conductivity of the porous matrix, g is the gravitational constant and η is the 
viscosity of liquid. 
Temperature effects on hydraulic conductivity can be derived from viscosity and 
density changes. The viscosity of liquid decreases as temperature increases due to the 
increase of the energy of  liquid movement. Also, as temperature increases, the surface 
tension of the water decreases and a lower surface tension allows the liquid to more easily 
penetrate the soil particles. The density changes can also change the hydraulic 
conductivity of the soil: An increase in density could reduce the void ratio (volume of 
voids decreased) and increase the degree of saturation, thus, increasing the hydraulic 
conductivity.  
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 The relationship between temperature and water hydraulic conductivity at a 
certain void ratio and water content conditions can be described as a certain ratio, 
depending on experimental results (Romero et al. 2001): 
𝑘𝑤(𝑒, 𝑤, 𝑇)
𝑘𝑤(𝑒, 𝑤, 𝑇𝑟)
|
𝑒,𝑤
=
𝜌𝑤(𝑇)η𝑤(𝑇𝑟)
𝜌𝑤(𝑇𝑟)𝜂𝑤(𝑇)
≈ 1 + 𝛽𝑇(𝑇 − 𝑇𝑟) 
Where: kw is the hydraulic conductivity; e is the void ratio; w is the gravitational 
water content; ρw is the density of water, ηw is viscosity of water; Tr is the reference 
temperature and βT is a fitting coefficient. 
Van Genuchten (1980) proposed an equation to calculate relative unsaturated 
hydraulic conductivity of the porous media as a function of degree of saturation: 
k𝑟 =
𝐾
𝐾𝑠
⁄ = 𝑆𝑒
1
2 [
∫
𝑑𝑥
𝜓(𝑥)
𝑆𝑒
0
∫
𝑑𝑥
𝜓(𝑥)
1
0
]
2
 
Where: kr is the relative hydraulic conductivity, K is the unsaturated hydraulic 
conductivity, Ks is the saturated hydraulic conductivity and 𝜓 is the soil suction. 
Se is the water saturation, which can be defined by: 
𝑆𝑒 =
𝜃 − 𝜃𝑟
𝜃𝑠 − 𝜃𝑟
 
Where: θ is the volumetric water content, θs is the saturated water content and θr is 
the residual water content. 
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Van Genuchten (1980) also related to the Se value to the matric suction by: 
𝑆𝑒 = [
1
(𝛼𝜓)𝑛 + 1
]
𝑛−1
𝑛
 
Where: α and n are fitting parameters where 𝜓 is the soil suction. 
Grant and Salehzadeh (1996) also proposed a model to describe suction at 
different temperatures: 
𝑠(𝑤, 𝑇)
𝑠(𝑤, 𝑇𝑟)
= (
𝑎1 + 𝑏1𝑇
𝑎1 + 𝑏1𝑇𝑟
)
𝑏1
 
Where: s is the matric suction; w is the water content; T is the temperature; Tr is 
the reference temperature; and a1 and b1 are empirical coefficients. Using Grant’s 
equation results in an expression that relates Se and temperature: 
𝑆𝑒 = {
1
[𝛼𝜓 (
𝑎1 + 𝑏1𝑇𝑟
𝑎1 + 𝑏1𝑇
)]
𝑛
+ 1
}
𝑛−1
𝑛
 
This expression clearly shows that temperature affects the water saturation, which 
in turn will directly affect the hydraulic conductivity.  
Romero et al. (2001) conducted hydraulic properties experiments at different 
temperatures on a clay soil. From the tests results, it was found that the unsaturated 
hydraulic conductivity increased as the temperature increased. At saturation was 
approached, the temperature effect was more significant and obvious. When the soil was 
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near saturation, the ratio of kw(80℃) to kw(22℃) was about 1.3. This ratio was near 1 
when the degree of saturation was below 75%. 
Zhang et al. (2013) used a mixture of bentonite and a fine sand to measure the 
hydraulic conductivity at upon a range of temperatures. The compacted samples 
(diameter of 60mm and a height of 40 mm) were installed in a steel cell and saturated 
from the bottom of the sample. After the saturation process the samples were cut into 2 
mm thin slice after various infiltration periods. After infiltration, the moisture of each thin 
section was measured by oven drying for 24 hours.  
The results showed that the hydraulic conductivity was a little bit higher in higher 
temperature and the temperature influence was not obvious when the water 
content/degree of saturation was low.  
2.4 Introduction to the Soil-Water Characteristic Curve (SWCC)  
The SWCC is broadly defined as the relationship between the gravitational/ 
volumetric water content/ degree of saturation as a function of matric suction (ua-uw) of 
an unsaturated soil. It is a measure of water storage capacity of the soil for a given matric 
suction. In general, the matric suction increases during the soil desaturation process and 
the shape of SWCC varies with soil properties. For any given value of matric suction, the 
soil having a higher percentage of fine material has a higher degree of saturation due to 
higher water storage capacity. In other words, the soil  with a higher percentage of coarse 
particles desaturases faster when the matric suction is increasing. 
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Figure 2.6 Typical SWCCs for Sand, Silt and Clay 
A typical SWCC is normally plotted on a semi-logarithmic scale for the suction 
range (0 kPa-106 kPa) in engineering practice and can be divided into three zones of 
desaturation (Vanapalli et al. 1998). These zones are: the boundary effect/capillary zone, 
the transition zone and the residual zone. The boundary effect/capillary zone starts from 0 
kPa matric suction to the air-entry value. The air entry value is the matric suction where 
air starts to replace water in the biggest pore of soil. This implies soil desaturation begins. 
The air-entry value can be estimated by extending the slope in SWCC curve to intercept a 
horizon line starting from the saturated volumetric water content. The transition zone 
starts from the air-entry value to a matric suction corresponding to the residual water 
content. In this zone, the water in the voids is continuously extracted out of the soil 
particles as suction increased. This continues until a large increase in matric suction can 
only leads to a relatively smaller change in the volumetric water content. Residual water 
content is where a much larger suction is required to remove water out of soil. The 
residual water content can be estimated by extending the slope of the transition to 
intersect the extension of the SWCC curve at low moisture level (high suction value). The 
residual zone starts from the residual water content to the end of the SWCC.  
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The empirical procedures to determine air-entry value and residual water content 
are shown in Figure 2.7. 
 
Figure 2.7Emprical Procedure of Determination of Air-entry Value and Residual Water Content 
A large number of researchers (Brooks and Corey, 1964; Campbell, 1974, Van 
Genuchten, 1980; Mckee and Bumb, 1987; Fredlund and Xing, 1994) have proposed a 
fitting equation for laboratory data for SWCC. The Fredlund and Xing (1994) model is 
widely used throughout the world and is given by: 
𝑤(𝜓) = 𝐶(𝜓)
𝑤𝑠
{𝑙𝑛 [𝑒 + (
𝜓
𝑎𝑓⁄ )
𝑛𝑓
]}
𝑚𝑓
 
𝐶(𝜓) = 1 −
𝑙𝑛 (1 +
𝜓
𝜓𝑟
⁄ )
𝑙𝑛 [1 + (10
6
𝜓𝑟
⁄ )]
 
Θ𝑑 =
𝑤(𝜓)
𝑤𝑠
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Where: af is a fitting parameters which is primarily a function of air-entry value; 
nf is a fitting parameters which is primarily a function of rate of water extraction from 
soil once air-entry value has be exceeded; mf is a fitting parameters which is primarily a 
function of residual water content; C(ψ) is a correction factor which is primarily a 
function of suction corresponding to the residual water content; ψ is the matric suction; 
ws is the saturated water content, and w(ψ) is the water content as a function of matric 
suction. 
The SWCC plays a crucial role in the determination of the hydraulic properties of 
an unsaturated soil. Compared with unsaturated hydraulic conductivity, the SWCC is 
relatively easier to measure and has become a key parameter for obtaining unsaturated 
soil properties and response functions of shear strength (Vanapalli et al. 1996) and 
hydraulic conductivity (Marshall, 1958; Mualem, 1986), which made it possible to 
perform numerical modeling studies in application areas such as seepage, shear strength 
and volume change properties.  The hydraulic conductivity is a function of degree of 
saturation/ volumetric water content and shear strength is primarily a function of water 
area in an unbiased cross section. 
2.5 Measurements of SWCC 
The early measurements of the SWCC involved using a pressure plate chamber 
that tests several samples at same time (Fredlund and Rahardjo, 1993). Laboratory 
equipment for measuring SWCC can be divided into two categories: one applying matric 
suction and the other applying a controlled total suction. 
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A typical apparatus that applies matric suction to measure the SWCC is the 
Fredlund and Xing SWCC device .This device included an air pressure control system to 
apply air pressure on top of soil sample, a SWCC cell for sample installation and 
drainage system to allow soil sample to drain out of water. Two volume indicators 
measure the volume of water that is drained out/absorbed in. Matric suctions are applied 
to a soil sample by controlling the air-pressure .This causes the soil specimen to expel 
water through a high-air-entry ceramic disk which is placed at the bottom of soil 
specimen. The maximum pressure that can be applied on the high -air -entry disk is 1500 
kPa. The pressure translation technique develops a differential air and water pressure 
without producing cavitation in the water phase. With the use of an air pressure regulator, 
air pressure can be applied to the chamber up to 1,500 kPa. After pressure is applied on 
the sample, water is then drained out of the specimen through the high-air-entry disk as a 
result of the application of the matric suction. The amount of water expelled in then 
measured by recording the differences in the readings of the two water volume indicators. 
The volume change of the soil sample can be measured by installing a dial gauge or 
LVDT if the soil sample does not contract dramatically. After the equilibrium process, 
the matric suction in the soil is equal to the applied air pressure. The time of the 
equilibrium process depends not only on the hydraulic conductivity and thickness of soil 
sample but also on the thickness and hydraulic conductivity of the high-air-entry disk. 
Changes in water content are measured by measuring the changes in water volume 
indicators when equilibrium is reached. After the equilibrium status is reached, higher 
matric suction can be applied (Padilla et al., 2005).  
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Figure 2.8 The Schematic of Fredlund and Xing SWCC Device 
The maximum matric suction that can be applied on a sample is 1,500 kPa.  To 
obtain a SWCC, a wide range of matric suction needs to be utilized and  total suction can 
be applied by use of a controlled relative humidity environment to achieve a total suction. 
The device used to apply total suction is usually a desiccator with a salt solution on the 
bottom. Using the load Kelvin Equation, the relative humidity can be converted to total 
suction. 
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Figure 2.9 A Vacuum Desiccator Controls Relative Humidity for Equilibrium Small Soil Samples 
ASTM D6836 introduced five methods (A, B, C, D and E) to measure a SWCC 
relationship. Method A, B, C and E apply matric suction while method D applies total 
suction. In method A, the   soil sample is placed on a hang column apparatus. Two 
reservoirs connect to the hang column and provide matric suction. A vacuum can be 
created to adjust the height of the two reservoirs to apply matric suction. A capillary tube 
is connected to the column to measure and collect the water expelled from the specimen. 
Unlike method A, method B and C raise the air pressure instead of reducing the 
water pressure to apply the desired matric suction. The method B and C both use axial 
translation devices. The only difference between method B and C is that method B 
measures volumetric water content while method C measures gravitational water content.  
Method D uses a chilled mirror hygrometer to measure the water activity of the 
soil sample. The water activity is converted into total suction by the Kelvin Equation. The 
water content of samples tested is determined by oven drying process. 
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Method E involves results from a centrifuge. The SWCC is obtained by 
performing a centrifugation process on the soil sample. Use the following equation is 
used to obtain the matric suction： 
𝜓𝑖 = 𝛽(𝜌𝑤 − 𝜌𝑔)𝑤𝑖
2(𝑟𝑏 − 𝑟𝑡) 
Where ρg is the density of the pore gas (typically assumed to be zero); wi  is the 
angular velocity of the centrifuge (rpm); rb is the outer radius of rotation (m), rt is the 
inner radius of rotation (m) and β is a constant = 0.00553. 
2.6 Researches on Temperature Effects on SWCC 
A fair amount of the research results regarding the temperature effect on SWCC can be 
found in the literature (Hopmans and Dane, 1986; Wu et al. 2004; El-Kensky, 2011, 
Romero et al., 2001). Hopmans and Dane (1986) found that water in soil can be divided 
in two categories: isolated water and continuous water. The interfacial tension decreased 
as temperature increased and the capillary tube will not been able to hold all the 
entrapped water /isolated packet water. Thus an increase in temperature will drive water 
from isolated status to continuous status. 
Wu et al. (2004) proposed that water in soil can be divided into two types 
depending on the dimension of the pore spaces and its interaction with the soil matrix: 
inter-aggregate water, which can flows in normal conditions and intra-aggregate, which is 
weakly bonded in diffuse layer water and strongly bonded in crystal water. Obviously, 
the pore velocity in inter-aggregated water is higher than intra-aggregated water. The 
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increase in temperature can convert intra-aggregate water to inter-aggregate water. This 
change will then induce a change in SWCC. 
El-Keshky (2011) performed an analysis with the database from the National 
Resource Conservation Service to find out the effect of temperature, Plasticity index and 
other parameters on the SWCC. Soils with similar index properties (Plasticity index and 
material Passing #200 sieve) were divided into specific groups. For each group of soils, 
the SWCC of each group were them plotted on the same graph to find any possible 
relation between mean annual air temperature (MAAT) and the SWCC. After observation 
of these plot, El-Keshky found an inverse relationship between temperature and suction 
and it was found that the effect of temperature was more discernable at lower degree of 
saturation levels (<20%). 
El-Keshky (2011) also used the data of the National Resource Conservation 
Service processed in Minitab® regression analysis to predict matric suction. The best 
model found was given by: 
S= - 196 – 29.7× MAAT + 1483× PI + 14.65 ×Passing 200 
Where: S is the suction at 20% degree of saturation; MAAT is the mean annual air 
temperature; PI is the Plasticity index; Passing 200 sieve is the percentage of soil passing 
through sieve # 200. 
Romero et al. (2001) performed research to investigate the temperature effect of a 
clay soil on the SWCC. The experiment was divided into two parts: soil samples with low 
water content relied upon vapor equilibrium technique to apply total suction; while soil 
samples with high water content, matric suction was applied with the axis translation 
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technique. The tests on soil samples with low water content were conducted at four 
temperatures (22℃, 40℃, 60 ℃ and 80℃). For results under total suction of 10 and 32 
MPa (lower water content soil), the water content was slightly decreased as temperatures 
increased. The tests of soil samples with higher water content were conducted at two 
temperatures (22℃ and 80℃ ). It was found that the temperature affected the SWCC at 
lower suction part (matric suction lower than 2MPa). The water content of the SWCC at 
80℃ was slightly lower than the SWCC at 22℃ when the suction was lower than 2 MPa. 
2.7 Modeling Unsaturated Soil Moisture Flow In Non-Isothermal 
Conditions 
Theoretically, it is conclusively demonstrated that fluid flow might occur in soil 
system under non-isothermal systems. For example highway and airfield pavements (or 
any foundation system) built in an area where seasonal or daily temperature variation can 
cause temperature redistribution in soil systems. This results in a thermal gradient within 
the soil mass which will result in fluid flow. Wilson (1990) accounted for water vapor 
flow due to diffusion and the advection process by adding one term into the water flow 
equation for one-dimensional consolidation. The one-dimensional fluid and vapor flow 
differential equation for water phase can be expressed as follows: 
𝜕𝑢𝑤
𝜕𝑡
= −𝐶𝑤
𝜕𝑢𝑎
𝜕𝑡
+
1
𝑔𝜌𝑤𝑚2𝑤
𝜕 (𝑘𝑤
𝜕𝑢𝑤
𝜕𝑦 )
𝜕𝑦
+
𝑢𝑎̅̅ ̅ + 𝑢𝑣̅̅ ̅
𝑢𝑎̅̅ ̅
1
𝜌𝑤𝑚2𝑤
𝜕 (𝐷𝑣
𝜕𝑢𝑣̅̅ ̅
𝜕𝑦 )
𝜕𝑦
 
Where: Cw is an interaction coefficient associated with the water phase partial 
differential equation; uv is the partial pressure of water vapor in air; ua is the gauge pore-
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air pressure;  𝑢𝑎̅̅ ̅ is the absolute pore-air pressure; m2
w is the coefficient of water volume 
change in respect to soil suction; Dv is coefficient of consolidation with respect to the 
water vapor through the soil. 
Dv can be calculated as follows (Philip and de Vries, 1957; de Vries, 1975; 
Dakshanamurthy and Fredlund, 1981; Wilson, 1990) by: 
𝐷𝑣 = 𝛼𝛽 (𝐷𝑣𝑚
𝜔𝑣
𝑅𝑇𝑘
) 
Where: α is the tortuosity factor for the soil; β is the cross-sectional area of the 
soil available for water vapor flow[(1 − 𝑆)𝑛]; Dvm is the molecular diffusivity of the soil 
available for water vapor in air; ωv is the molecular mass of water vapor; Tk is the 
temperature in Kelvin; R is the universal gas constant; S is the degree of saturation; and n 
is the porosity. 
Clearly, the diffusion coefficient is a function of soil properties (s, n) and 
temperature, and S (degree of saturation) is a function of matric suction 
If one neglect the variation of hydraulic conductivity (kw) and coefficient of water 
vapor diffusion (Dv) with respect to space, Wilson (1990) proposed a differential equation 
for the combination of vapor and liquid flow, it is given by; 
𝜕𝑢𝑤
𝜕𝑡
= −𝐶𝑤
𝜕𝑢𝑎
𝜕𝑡
+ 𝐶𝑣
𝑤  
𝜕2 𝑢𝑤
𝜕𝑦2
+ 𝐶𝑣
𝑤𝑣
𝜕2  𝑢𝑣̅̅ ̅
𝜕𝑦2
 
Where: Cvw is the coefficient of consolidation with respect to water phase 
[i.e.,
𝑘𝑤
(𝜌𝑤𝑔𝑚2
𝑤)⁄ ]; Cv
wv is the coefficient of consolidation with respect to water vapor 
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phrase, Cw is an interaction coefficient associated with the water phase partial differential 
equation 
Various researches (Wang et al., 2004; Wu et al., 2004; Dakshanamurthy and 
Fredlund, 1981) have performed numerical analyses on thermo-hydro-mechanical 
properties of unsaturated soil. Wu et al. (1981) created a thermo-hydro-mechanical model 
for unsaturated soils and implemented the solution within a finite element analysis code 
named LAGACOM to simulate experiments. The numerical modeling was compared 
with experiments results and found the model simulation reached satisfied results. The 
numerical modeling included creation of “thermal soften curve”, “loading –collapse 
curve” and “thermal yield curve” to describe the relationship between temperature and 
soil consolidation and deformation when the soil is under loading. Experiments were 
performed to compare the modeling result of two soil cubes varies with various 
dimensions and boundary conditions. The volumetric strain, vertical strain and water 
intake results of these experiments were compared to the modeling outcome and found to 
be satisfactory. 
Dakshanamurthy and Fredlund (1981) presented a theoretical model to predict the 
moisture flow of unsaturated soil under a thermal gradient. The model consisted of two 
conditions: isothermal condition and non-isothermal condition. In the isothermal 
condition, water flow was a result of a hydraulic gradient. The non-isothermal condition 
involved moisture flow due to both temperature and a hydraulic gradient. Solving the 
problems for non-isothermal conditions required the water phase partial differential 
equation and air phase partial differential equation. The water flow partial differential 
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gradient equations used Darcy’s law and the air flow partial deferential equation used 
Fick’s law. Example problems solved involved the prediction of moisture flow under a 
thermal gradient in an unsaturated soil. These example problems can simulate moisture 
flow in airfield and highway unbound material pavement foundations. The example used 
was initiated with an equilibrium condition which was then subjected to various sudden 
environment changes such as evaporation, infiltration and temperature. The result of 
these modeling effort showed that all models reached new equilibrium conditions similar 
to the respecting boundary conditions used in each example.
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3 Soil Characterization And Experimental Design 
3.1 Soil Characterization 
The soils used in this study were two clayey silt materials known as the DuPont 
soil and County soil obtained from the FAA test facility in Atlantic City, New Jersey. 
The soils are used as subgrade materials in the test facility. Grain size distribution, 
Atterberg limits, specific gravity, compaction curves and other index properties of these 
soils were obtained according with current ASTM standards listed in Table 3.1 below.  
Table 3.1 ASTM Standards for Soil Index Properties Tests Performed 
Soil Test ASTM Specification 
Atterberg Limit Tests ASTM Standard D4318-10 
Consolidation Test ASTM Standard D2435 
Grain Size Distribution and Particle Size 
Analysis 
ASTM Standard D6913-04 
Specific Gravity ASTM Standard D854-04 
3.1.1 Grain Size Distribution 
The particle size analysis results of the County and DuPont soils are showed in 
Figure 3.1. According to the grain size distribution curves, the percentages of sand, 
gravel and clay are shown in Table 3.2: 
Table 3.2 The Percentages of Sand, Gravel and Clay of Two Soils 
Percentage (%) Size (mm)  County soil DuPont soil 
Clay <0.002 25 30 
Silt <0.074 33 50 
Sand <2 42 20 
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Figure 3.1 Particle Size Analysis Results of DuPont and County soil 
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3.1.2 Atterberg Limits  
Figure 3.2 and 3.3 present the results of the Atterberg Limit tests performed on 
the DuPont and County soil. The Atterberg limits for these soils are shown in Table 3.3 
Table 3.3 The Atterberg Limits for the Two Soils 
Atterberg Limits County soil DuPont soil 
Liquid Limits 45 61 
Plastic Limits 28 32 
Plasticity Index 17 29 
 
Based on the results from the Atterberg Limits and the Grainsize Distribution test 
results, the County soil is classified as a low Plasticity silt (ML) while the DuPont soil is 
classified as a high elasticity silt (MH) soil, by the USCS classification system.  
 
Figure 3.2 Liquid Limit Determination for DuPont soil 
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Figure 3.3 Liquid Limit Determination for County soil 
3.1.3 Specific Gravity Of Solids 
The specific gravity of the two soils were performed in the Arizona State 
University laboratory under a controlled temperature of 21℃. The specific gravities of 
the County soil and DuPont soil were found to be 2.83 and 2.79 respectively. 
3.1.4 Consolidation Test 
Consolidation tests according to ASTM D2435 were completed for both soils and 
are illustrated in Figure 3.4 and Figure 3.5.The preconsolidation pressure (Pc) was 
estimated using the Casagrande correction method. This parameter was found to be 120 
kPa for County soil and 105 kPa for DuPont soil. The saturated hydraulic conductivity 
(ksat) of the two soils at 25̊C were also calculated based on the consolidation test. The ksat 
for County soil was found to be 2.4x10-11 m/s and for DuPont soil was 8.0x10-11 m/s. 
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Figure 3.4 Consolidation Test Results for County soil 
 
Figure 3.5 Consolidation Test Results for DuPont soil 
Table 3.3 provides a summary of index properties for both materials.  
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Table 3.4 Summary of Index Properties for the Two Materials 
Properties County soil DuPont soil 
Atterberg Limits  Liquid Limit 
Plastic Limit 
Plasticity Index 
45 
28 
17 
61 
32 
29 
Particle Sizes 
Distribution 
% Sand 
% Silt 
% Clay 
42 
33 
25 
20 
50 
30 
USCS 
Classification 
 ML MH 
Standard Proctor Opt. Moisture (%) 
Max. dry density (g/cm3) 
21.0 
1.66 
26.3 
1.51 
Gs Specific Gravity   2.83 2.79 
Hydraulic 
Conductivity  
m/s 2.4x10-11 8.0x10-11 
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3.2 Experiment Design 
The objective of the experiments presented in this section was to analyze the 
thermal effects on the unsaturated hydraulic properties of two fine grain materials. To 
analyze the hydraulic behavior of the materials, experimental devices were placed in a 
temperature control chamber subject to temperature of 5˚C, 25˚C and 40˚C. The analyses 
were done by evaluating what, if any, differences in the soil water characteristic curves 
and unsaturated hydraulic conductivity functions were present at the different 
temperatures evaluated.  
The same soils were used for all of the soil water characteristic curve (SWCC) 
analysis, instantaneous profile experiments and filter paper tests in this study. The dry 
density of the soil was kept as constant as possible for each experiment so that results 
could be compared. Details for the samples used in the experiments are summarized in 
Table 3.5. 
Table 3.5 Dry Densities and Water Contents used in the Experiments 
 Soil Water Characteristic Curve Instantaneous Profile Method 
DuPont soil dry=1.36g/cm3  
w = 36% 
dry = 1.44 g/cm3 
variable water content  
County soil dry = 1.49 g/cm3 
w = 30% 
dry = 1.56g/cm 3 
variable water content 
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3.2.1 Determination Of SWCC 
To determine the soil water characteristic curves, two oedometer type pressure 
cells (Fredlund and Xing cell) were used. These cells used the axis-translation technique 
and allow the control of matric suctions from 0 to 1,500 kPa. They are capable of 
applying one-dimension loading. The devices can accommodate different size of soil 
specimens between 65 mm to 72 mm in diameter and 12 mm to 25 mm in height (Padilla 
et al., 2005). The matric suction is applied by applying compressed air through the use of 
dual pressure regulator or precise gauges. The overburden pressure is simulated by 
applying vertical loads. Several different high-air-entry value (HAEV) ceramic disks with 
a diameter of 76 mm, and rated at 100, 300, 500 and 1500 kPa can be easily changed 
(Padilla et al, 2005).  
The water released/absorbed from the specimen is determined from the water 
outflow/inflow from the soil sample into two calibrated water volumetric indicator tubes 
connected to the bottom of the pressure cell. Thus, the apparatus has the ability to 
measure volumetric water changes without destructing testing. The volume change can be 
measured by monitoring the change of sample height using a caliper, dial gauge, or a 
LVDT. When the radial contraction of the soil sample is negligible, the volume change of 
soil sample can be directly calculated based on changes of sample height.  In this way, 
the volume change of the soil specimen can be continuously measured without 
dismantling the testing device. 
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The Fredlund and Xing SWCC device is also equipped with a miniature heater 
used to maintain the cell temperature at slightly higher than ambient temperature to help 
prevent water vapor condensation (Padilla et al., 2005). 
The soil samples were compacted to a certain dry density and water content in a 
sample ring. The size of the samples had a nominal diameter of 6.4 centimeters and 
height approximately 2.5 centimeters.  After compaction,   all the samples were saturated 
in a pan filled with water for seven days and then placed in the pressure cell. The 
experiment was started after the apparatus was carefully assembled. Once the initial 
readings of the water levels in the volume tubes were recorded, matric suction was 
applied by adjusting the pressure knob in the control panel. The water released/absorbed 
from the specimen flow was determined through the gutter at the bottom of soil sample 
and into/out of the two volumetric indicator tubes. This procedure allows measurement of 
the volumetric water changes between matric suction increments during the test 
procedure. After the system become equilibrated at the applied matric suction, a higher 
air pressure is applied and the process repeated until the desired number of data points are 
obtained. Once equilibrated at the maximum suction allowed by the system, the 
specimens were then oven dried for 24 hours and the final water content determined. For 
the two fine-grained materials in this study, the equilibration process for each point in the 
SWCC took about 5 to 7 days. The water contents corresponding to each matric suction 
level were determined by back-calculation from the water level readings obtained in the 
volume indicator tubes. 
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Filter paper testing was used to determine SWCC relationship for suction ranges 
greater than 1,500 kPa. 
Whatman’s No. 42 filter paper was used for the tests and were performed in 
accordance with ASTM D 5298 ”Standard Test Method for Measurement of Soil 
Potential (Suction) Using Filter Paper”. Before the test was initiated, the filter paper 
selected for the testing was oven dried overnight. To measure the matric suction, one 
small filter paper package was placed inside the soil sample to gain intimate contact 
between the soil and filter paper package. The “packaged” filter paper was obtained by 
wrapping a smaller piece of filter paper inside a bigger one. The filter paper package was 
then buried into the soil in a small glass jar. The soil was then compacted to the same dry 
density as the pressure cell test at various water contents. After the sample preparation 
was completed the soil sample was placed in a temperature control chamber and the filter 
paper brought to equilibrate with the surrounding soil for 10 to 14 days .Whenever the 
filter paper needed to be handled, latex gloves were worn to protect the filter paper from 
contamination.  
After the filter paper was fully equilibrated, the filter paper was removed out of 
the soil sample and the weight of filter paper recorded by a four digital balance and 
placed in a drying oven for 24 hours. The dry weight of the filter paper was also recorded 
after the drying process. The water content was calculated after the test and the suction is 
calculated from the equation developed by Chandler and Gutierrez (1986). The Fredlund 
and Xing (1994) fitting equation was then used to fit the SWCC data obtained. Both 
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equations along with the analytical details used to complete this process are fully 
explained in the next chapter. 
3.2.2 Instantaneous Profile Method to Measure Unsaturated Hydraulic 
Conductivity  
The object of these experiments was to analyze the thermal effects on the 
unsaturated hydraulic conductivity. The analysis was performed by comparing the 
unsaturated hydraulic conductivity functions of two fine grain materials at three 
temperatures (5℃, 25℃ and 40℃). The instantaneous profile method was used in this 
study to obtain the unsaturated hydraulic conductivity functions. 
Both the DuPont soil and County soil were evaluated by the all instantaneous 
profile experiments at the same three temperatures used in the SWCC experiment. The 
compaction dry density for all soil specimens was equivalent to the average dry density 
obtained from field records of each soil. Each sample was prepared in a Shelby tube, 
compacted at the same dry density but with two halves at different water contents. The 
length of the sample tubes was 15.4 cm and the thickness of each compact layer was kept 
at 5.1 cm. There is no ASTM standard applicable for compacting soil in Shelby tubes and 
efforts was taken to maintain the same dry density for each sample to insure that the 
results of each experiment would be comparable.  
The test methodology of the instantaneous profile method tests was the same for 
each test and soil type. Each test consisted of two sections were in full contact with each 
other. The soil specimen configuration is shown in Figure 3.6. 
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Figure 3.6 Configuration of A Test Sample 
For experiments at a specific temperature, soils were compacted in 15.4 cm long 
Shelby tubes sections. The soil water content was different in the two sections that were 
in full contact with each other to create a hydraulic gradient. A 5TM soil temperature- 
moisture sensor was buried in each soil section to determine the temperature and 
volumetric water content of the soil. The matric suction of the soils was estimated by 
using the SWCC generated at the three temperatures (5℃, 25℃ and 40℃) for each soil. 
3.2.2.1 Instantaneous Profile Experiments at 5 ℃ 
All experiments were conducted   in a temperature control chamber and the 
temperature maintained at 5°C. 8 soil sections were compacted and combined into 4 pairs.  
Two pairs were the County soil while the other two were the DuPont soil. Each section 
contained a 5TM temperature-moisture sensor. The sensor recorded data twice per day. 
Details of the initial conditions for the four pairs of soil samples conducted at 5 ℃ are 
summarized in Table 3.5. Each pair of soil samples was designed to measure the 
unsaturated hydraulic conductivity under a given moisture gradient. 
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Table 3.6 Initial Condition of Instantaneous Profile Test Samples at 5℃. 
Test # Section # 
Initial volumetric 
water content 
Soil name 
1 
1 0.285 County soil 
2 0.382 County soil 
2 
3 0.401 County soil 
4 0.407 County soil 
3 
5 0.408 DuPont soil 
6 0.434 DuPont soil 
4 
7 0.404 DuPont soil 
8 0.455 DuPont soil 
 
To acquire unsaturated hydraulic conductivity corresponding to other matric 
suction value, some sections were replaced with other sections (same soil) having 
different moisture content.  Test No.2 and No.4 were replaced once and test No.3 was 
replaced twice.   Table 3.6 shows the date of change of the sections and the water content 
of the newly compacted sections. 
Table 3.7 Date of Change of Sections and the Water Content of Newly Compacted Sections Each Time of 
Instantaneous Test Sample at 5℃ 
Test # Section# Date New θ Date New θ 
2 3 06/16/2015 0.313   
4 0.138   
3 5 04/13/2015 0.336 07/19/2015 0.500 
6 0.431 0.527 
4 7 07/3/2015 0.235   
8  0.375   
 
3.2.2.2 Instantaneous Profile Experiments at 25℃ 
The beginning of the experiments conducted at 25℃ simply involved changing 
the temperature setting of the experiments to 25 ℃. The initial conditions of all test 
samples are shown in Table 3.8. 
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Table 3.8 Initial Condition of Test Samples of Instantaneous Profile Samples at 25℃ 
Test # Section # 
Initial volumetric 
water content 
Soil name 
1 
1 0.2514 County soil 
2 0.4025 County soil 
2 
3 0.118 County soil 
4 0.253 County soil 
3 
5 0.307 County soil 
6 0.361 County soil 
4 
7 0.147 DuPont soil 
8 0.186 DuPont soil 
5 
9 0.136 DuPont soil 
10 0.203 DuPont soil 
6 
11 0.374 DuPont soil 
12 0.465 DuPont soil 
 
To measure the unsaturated hydraulic conductivity at lower suction (<1,000kPa), 
some sections were added to include  higher water contents. These tests are shown in 
Table 3.9: 
Table 3.9 Sections Added in Instantaneous Profile Experiments at 25℃. 
Test # Section # 
Initial volumetric 
water content 
Soil name 
7 
13 0.259 County soil 
14 0.285 County soil 
8 
15 0.429 County soil 
16 0.340 County soil 
9 
17 0.515 DuPont soil 
18 0.517 DuPont soil 
 
3.2.2.3 Instantaneous Profile Experiments at 40℃ 
To determine the unsaturated hydraulic functions of both soils at 40℃ the 
instantaneous profile method was used on samples kept in the temperature control 
chamber maintained to 40˚C. 12 samples were used and combined into 6 pairs of samples 
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to measure the unsaturated hydraulic conductivities under different hydraulic gradients. 
The unsaturated hydraulic conductivity is a function of matric suction. As the water 
content of all test sections had to be decided carefully to obtain a wide range of matric 
suction from the experiments. 
Details for the six pairs of soil samples conducted at 40 ℃ are summarized in 
Table 3.10. Each pair of soil sample was designed to analyze a different suction range for 
the conductivity function of soil. 
Table 3.10 Initial Condition of Samples of Instantaneous Profile Method at 40℃. 
Test # Section # 
Initial volumetric 
water content 
Soil name 
1 
1 0.1 County soil 
2 0.18 County soil 
2 
3 0.13 County soil 
4 0.49 County soil 
3 
5 0.4 County soil 
6 0.46 County soil 
4 
7 0.214 DuPont soil 
8 0.275 DuPont soil 
5 
9 0.187 DuPont soil 
10 0.394 DuPont soil 
6 
11 0.489 DuPont soil 
12 0.564 DuPont soil 
 
3.3 5TM Water Content and Temperature Sensor Introduction 
3.3.1 Basic Sensor Information 
20 5TM water content and temperatures sensors were used in order to measure the 
volumetric water content and temperature at the same time. The configuration of these 
sensors is shown in Figure 3.6. The sensor contains three prongs. Two prongs are 
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dielectric volumetric water content sensors. These two sensors use an oscillator running 
at 70 MHz to measure the dielectric permittivity of the soil used to  determine the 
volumetric water content. A thermistor in thermal contact with the sensor prongs 
provides the temperature reading of the soil  (Decagon Devices, Inc.2015).  
 
Figure 3.7 The Configuration of 5TM Sensors 
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The specifications for the 5TM sensor is shown in Table 3.11. 
Table 3.11 Specifications of 5TM Sensors (Decagon Devices, Inc, 2015) 
Dimension 10 cm (1) x 3.2 cm (w) x 0.7 cm (d) 
Prong length 5.2 cm 
Dielectric Measurement Frequency 70 MHZ 
Dielectric permittivity range Apparent dielectric permittivity (εa): 1 (air) 
to 80 (water) 
Dielectric permittivity resolution 0.1 εa (unitless) from 1 to 20, < 0.75 εa 
(unitless) from 20 to 80  
Volumetric Water Content: 0.0008 m3/m3 
(0.08% VWC) from 0 to 50% Volumetric 
Water Content 
Dielectric permittivity accuracy εa: ±1 εa (unitless) from 1 to 40 (soil 
range), ±15% from 40 to 80 (VWC) 
Temperature range −40 to 60 ◦C 
Temperature resolution 0.1 ◦C 
Temperature accuracy ±1 ◦C 
 
3.3.2 Sensor Measurement of Volumetric Water Content 
The 5TM sensors measure the volumetric water content of soil by measuring the 
dielectric permittivity of it. Topp’s et al. (1980) performed a series of experiments on 
dielectric permittivity on varies materials and verified that if the dielectric permittivity is 
a function of the volumetric water content of the tested material. In Topp’s research, four 
mineral soils with a range of texture from sandy loam to clay were tested to find out what 
soil properties determined the dielectric permittivity of soil. Topp’s et al. used time 
domain reflectometry (TDR) to measure the dielectric constant of materials that were 
tested. He found that the results varied with texture, bulk density, volumetric water 
content, temperature and soluble salt content. All soil specimens were placed in a coaxial 
transmission line and the water or salt solution placed in the material were continuously  
changed through a porous disk around the soil sample. From the test results, Topps et al. 
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concluded that the dielectric constant and volumetric water content were highly related to 
each other. Figure 3.8 shows the measured relationship between dielectric constant and 
volumetric water content of materials that Topps used in his research. 
 
Figure 3.6 the Measured relationship Between Dielectric Constant and Volumetric Water Content 
 
In each 5TM sensor, an electromagnetic field is used to determine the dielectric 
permittivity of the surrounding material .A 70 MHZ oscillating wave to the sensor prongs 
directly affects in the determination of the dielectric properties of soil. The sensor’s 
microprocessor measures the charges and outputs the dielectric permittivity of the 
surrounding soil material. 
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The raw data output of the sensor is valid in a range of 0 to 4094. This correlated 
to dielectric permittivity values from 0 to 81.88. The raw data output can be converted to 
dielectric permittivity of testing material with a use of following equation: 
Dielectric permittivity: ε𝑎 = 𝜀𝑟𝑎𝑤/50 
Topp et al. (1980) proposed the following equation to determine the volumetric 
water content of the testing material: 
𝜃 = −5.3 × 10−2 + 2.92 × 10−2𝑅 − 5.5 × 10−4𝑅2 + 4.3 × 10−6𝑅3 
Where θ is the volumetric water content of testing material and R is the raw data 
the output of the sensor. 
Topp’s equation was recalibrated to the soil conditions of this study. The equation 
obtained after calibration are: 
For DuPont soil: 
𝑉𝑊𝐶 =  0.698144 × (0.818814 −  0.992436
𝑅
𝑇0.5+2 ) +  0.0145732 
For County soil: 
𝑉𝑊𝐶 = 0.796544 × ( 0.372384 −  0.99673
𝑅
𝑇0.6+1
 
) +  0.422945 
Where θ is the volumetric water content of testing material, R is the raw data the 
output of the sensor and T is the temperature in Celsius. Details of the calibration will be 
published elsewhere..
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4 Determination of Unsaturated Hydraulic Properties At Different 
Temperatures 
4.1 Introduction 
This chapter presents the analysis and results of all unsaturated hydraulic 
properties experiments. For each experiment, the set-up, sampling procedure, apparatus, 
calculation procedure and results are presented. The material and outline of all testing 
methods have been previously described in chapter 3. 
The SWCC tests, filter paper tests and instantaneous profile experiments were all 
performed in two controlled environmental chambers in the Interdisciplinary Science and 
Technology Building II at Arizona State University. The temperatures of both 
environmental chambers were maintained at target temperature of plus or minus 2˚C.  
The soil samples for all instantaneous profile experiments were tested at the 
average field density. Standard Proctor energy was used to compact the soil into layers 
within the Shelby tubes. The use of constant volumetric compaction energy allowed the 
same dry density of all test samples. This is to eliminate the effects of any volume 
changes on the unsaturated hydraulic properties. 
4.2 SWCC Determination Using 1-D Oedometer Pressure Plate Cells at 
5˚C, 25 ˚C and 40 ˚C 
The SWCC of both soils at three temperatures (5˚C, 25 ˚C and 40 ˚C) were 
determined by using oedometer pressure plate cells and filter paper. A total of six tests 
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were conducted in this study to investigate the temperature influence on SWCC of two 
soils (County soil and DuPont soil). Disturbed soils were compacted to a certain density 
and water content estimated to be the average density and water content in the field. Soils 
were dried, pulverized and weighed before adding water to reach the aimed water content. 
Soils were sealed in plastic bags after the mixing procedure and left for at least 7 days to 
reach a more uniform equilibrium condition. After the equilibrium process, the soil was 
compacted to the target density and water content selected for each soil. 
Before sample compaction, the height and diameter of the brass rings were used 
in the study were measured to calculate the volume of rings. The nominal height of the 
rings was 2.5cm and the diameter was 6.4 cm. Since the density and water content were 
known (set as target) the mass of soil required was calculated. Samples were compacted 
in two layers with half of the soil weight was compacted for each layer. A compactor was 
used for compaction to achieve the desired density.  
After compaction, soil samples were “sandwiched” and placed in a pan to saturate. 
The “sandwich “was a soil sample that was inserted into two porous stones. To avoid any 
air traps, the surface of the water level was lower than the surface of the soil sample. To 
avoid volume expansion, a weight was applied at the top of the soil sample sandwich 
(Figure 4.1). The saturation was conducted for at least 7 days due to the fact that fine 
grain materials were being tested. The high air entry value disk with a 15 bar air-entry 
value was soaked at least one day before the start of the experiments. 
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Figure 4.1 “soil-sandwich” Soaking in A Pan 
After saturation, the soil samples were then removed and placed on a squared 
glass plate (approximately 10 cm × 10 cm) without porous stone and filter paper. Excess 
water was allowed to be drained out. The whole sample and glass plate were then 
weighed. The high air entry value disk was also taken out and cleaned (wiped) with a 
paper towel. The disk was weighed alone and then the soil sample was placed on top of 
the disk to measure the weight of soil sample. After that, the sample was then transferred 
onto the ceramic stone and weighed together. In this way, the mass of sample was 
measured twice and the average value was taken as the mass of the whole sample. 
The SWCC cell was assembled after cleaning the O-rings and surface. The O-ring 
was placed in the grooves of the bottom plate and the top of cell wall. After the cell 
assemblage, two water volume indicator tubes on two sides of the pressure control panel 
were connected to the bottom plate by inserting  the two tube ends on the connect fitting 
connection at two side of bottom plate (Figure 4.2). Some water was added to the bottom 
plate and water volume indicator tubes to reach a certain level that could  be easily 
observed. A ceramic stone with the soil sample on top was carefully placed and pressed 
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into the bottom plate. Water level in the two water volume tubes rose during the ceramic 
stone installation process. 
 
Figure 4.2 Saturated Soil Sample Placed on Top of A Plate. 
The top plate, compression ring, compensator body, compensator cap and load 
shaft were assembled before sealing  the top of the cell wall.   To seal the cell wall, the 
top plate was secured to the bottom plate by tightening four cap screws. Before air 
pressure applied, flushing device was used to expel any air that was trapped in the groove 
of the bottom plate and the whole system. The flushing process stopped after no air 
bubbles appeared. To measure the change in height of soil sample, a dial gauge was 
placed on top of loading frame.  
After all the air bubbles were removed, the matric suction was applied by 
controlling valve on regulation panel (Figure 4.4). The water surface level in the two 
volume indicators increased due to the application of the matric suction. This process 
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usually took   5- 7 days. Higher matric suction was applied after the sample equilibrated. 
The volume change of each soil sample was measured by dial gauges while the change of 
water was measured by the recorded change of the water volume indicator tubes. At the 
end of the test, the water volume indicator tube valve was closed and the pressure 
released. After this, the entire apparatus dismantled and the soil sample removed to 
measure the final water content. The sample was weighed and kept in the oven for at least 
24 hours at 40˚C. The oven dried sample was then weighed after drying.  
 
Figure 4.3 A Fredlund and Xing Cell 
The Fredlund and Xing fitting equation was used to fit the data obtained (Fredlund 
and Rahardjo, 1994). It is defined by  
𝜃 = 𝐶(𝜓)𝜃𝑠 [
1
𝑙𝑛 [𝑒 + (
𝜓
𝑎⁄ )
𝑛
]
]
𝑚
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where: θ is the volumetric water content; ψ (kPa) is the suction; a, n, and m are 
fitting parameters; and C(ψ) is a correction factor that forces the model through a 
prescribed suction value of 106 kPa at zero water content: 
𝐶(𝜓) = [1 −
ln (1 + 𝜓/𝜓𝑟)
ln (1 + 106/𝜓𝑟)
] 
Where: ψ (kPa) is the residual suction value. 
The Van Genuchten (1980) equation was also used to fit the data obtained. It is 
given by:  
𝜃𝑛 =
1
[1 + 𝑎𝑣𝑔𝜓
𝑛𝑣𝑔]
𝑚𝑣𝑔
 
𝜃𝑛 =
𝜃𝜓 − 𝜃𝑟
𝜃𝑠 − 𝜃𝑟
 
Where: θn normalized volumetric water content;   𝑎𝑣𝑔 fitting parameters related to 
inverse of air-entry value; 𝑛𝑣𝑔 fitting parameters related to the rate of water extraction 
from soil once the air entry value has been exceed; 𝑚𝑣𝑔 fitting parameter primary related 
to residual water content conditions; 𝜃𝜓 volumetric water content at any matric suction; 
𝜃𝑟 residual volumetric water content; 𝜃𝑠 saturated volumetric water content. 
4.3 SWCC Determination Using Filter Paper Test at 5 ˚C, 25 ˚C and 40 
˚C 
The maximum matric suction that the Fredlund and Xing cell can apply is 1500 
kPa. In order to obtain the SWCC at higher matric suction, filter paper (Whatman’s 
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No.42) was used. The tests were performed in accordance to ASTM D5298-03 standard 
test method for measurement of soil potential (suction) using filter paper.  
 
Figure 4.4 Placement of Filter Paper Packages 
The filter paper tests start with drying the filter paper dried overnight in an oven. 
To measure matric suction, the filter paper was in physical contact with the soil, which 
will allow fluid, moisture and any salts that might be dissolved in the water. For each test 
sample, two pieces of filter paper are used. One filter paper was cut into a small piece and 
wrapped inside another filter paper to avoid contamination from soil. The soil is then 
compacted to a certain dry density which was the same as the sample used in the SWCC 
tests. This sample is compacted into a glass jar in two layers. After compaction of the 
first layer, the filter paper package is then placed on top of it (Figure 4.5) and the 
compaction of second layer begins. The jar is then covered by placing a  lid on top of it. 
Tape is then used to seal the top of jar (Figure 4.6). 
 
57 
 
 
Figure 4.5 Sealed Filter Paper Test Samples 
The filter paper test samples were then placed in a temperature control chamber at 
5˚C, 25˚C and 40˚C for 14 days to reach equilibrium status. The filter paper inside the 
filter paper package is then removed and weighed. The filter paper is placed in a tin and 
oven dried overnight. After the oven drying process, the tin and filter paper are taken out 
and weighed .The moisture of the filter paper can be determined from the difference in 
weight before/after the oven dry process. To avoid any contamination of the filter paper, 
latex gloves were used when handling the filter paper. 
Based on the assumption that the matric suction of the filter paper and soil sample 
will reach equilibrium after 14 days of the equilibrium process, the determination of 
matric suction of the soil sample can be realized by determination of matric suction of 
filter paper. The relationship between filter paper water content and matric suction varies 
by type of filter paper was used. For Whatman’s No.42 filter paper, the relationship is 
(Chandler and Gutierrez. 1986): 
𝜓(𝑝𝐹) = 5.85 − 0.0622𝑤𝑓𝑖𝑙𝑡𝑒𝑟 𝑝𝑎𝑝𝑒𝑟 
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𝜓(𝑘𝑃𝑎) = 𝛾𝑤 × 10
𝜓(𝑝𝐹) 
Where: 𝜓(𝑝𝐹) is soil matric suction in pF;𝜓(𝑘𝑃𝑎) is the soil matric suction in 
kPa; 𝑤𝑓𝑖𝑙𝑡𝑒𝑟 𝑝𝑎𝑝𝑒𝑟 is the filter paper water content and 𝛾𝑤 is the unit weight of water 
In addition to Chandler and Gutierrez (1986) calibration equation for the 
Whatman’s filter paper, several researchers have proposed calibration equations. 
Fredlund et al. (2012) reported that these equations yielded comparable or similar results 
as those obtained by Chandler and Gutierrez; and therefore, the one used in this analysis 
was deemed appropriate. 
The SWCC was also corrected by volume change. The volume change due to 
suction changes can be corrected by either modification of the laboratory equipment or by 
performing additional tests (Fredlund and Houston, 2015). The results obtained with the 
Fredlund cells (suction values lower than 1,500kPa) were corrected as the test was 
performed. But for the filter paper, an additional set of tests to measure volume change 
was performed by measuring the volume and mass changes of separate specimens. The 
tests were conducted at three temperatures (5oC, 25oC and 40oC). Three samples were 
created for each soil at each temperature. The samples were compacted at the same dry 
density and moisture content conditions as those used for the tests performed in the 
determination of suction values lower than 1,500 kPa in the Fredlund cell. After the 
samples were compacted, the specimens were “sandwiched” between two porous stones 
and let them dry. Changes in sample masses and volumes were recorded as samples were 
drying and the changes in dry density were obtained along with the water content changes.  
The results were used to correct the degree of saturation in the SWCC. 
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The combined results of pressure cell and corrected filter paper tests for the 
County and DuPont soils are shown in Figures 4.7 and 4.8: 
 
Figure 4.6 SWCC of County soil at Three Temperatures 
According to the SWCC results of the County soil at three different temperatures, 
it was found that the SWCC was not significantly affected by temperature before the air-
entry value (suction < 1,000kPa). In addition, the temperature appears to only have a 
slight effect upon the curves at higher suction range (> 1,000kPa). At higher suction 
ranges, the moisture retention at 40℃ is lower than the moisture retention at 5℃ and 
25℃. The highest retention was observed at the lowest temperature, which agrees with 
the trend observed in previous research work. 
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Figure 4.7 SWCC of DuPont soil at Three Temperatures 
As for the DuPont soil, the temperature also had an effect on the SWCC. When 
comparing the results at the same degree of saturation, it was found that the suction 
increased as temperature decreased. That is, the DuPont soil tends to hold more water at 
lower temperatures. At higher suctions (>10,000 kPa), the temperature appears to have 
little effect on the SWCC of the DuPont soil, but it should be noticed that very limited 
data was obtained at high suction values. 
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4.4 Instantaneous Profile Experiments At 5 ˚C, 25 ˚C And 40 ˚C 
4.4.1 Computation Of Unsaturated Hydraulic Conductivity Using 
Instantaneous Profile Method 
The apparatus to conduct instantaneous profile test consisted of cylindrical tubes 
with a diameter of 6.5 ±0.2 cm and a length of 15±0.2 cm. Soil was compacted in 
sections, each having different moisture content. The difference in moisture contents 
creates a hydraulic gradient which will initiate water flow .A 5TM temperature-moisture 
sensor was installed in each section to measure temperature and the volumetric water 
content of the soil specimen.  
To calculate the unsaturated hydraulic conductivity, several parameters need to be 
known. They are volumetric water content of each soil section, distance between two 
sensors in each sample, time intervals between successive collection data events, 
temperatures during the data procedure and the volume of each soil section. The 
volumetric water content, time interval and temperature is directly obtained from the 
sensors while the distance between sensors and volume of the soil sample section can be 
measured with calipers. The matric suction of the soil can also be estimated from use of 
the SWCC at the same temperature as the instantaneous profile experiments. 
In this thesis, the position for each test data point obtained was denoted as 
position number. Since each test contained two soil sections with two water contents. The 
wetter section was always denoted as #1 and the drier section was identified as #2. 
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Data from the 5TM sensor were obtained from at various time intervals and a plot 
of volumetric water content versus time developed from the data obtained. The 
relationship was then used to quantitatively obtain the change of water amount between 
any sampling time intervals. Figure 4.9 showed the set-up of one test sample (two soil 
sections) during one measured time interval. The volumetric water content and 
temperature were obtained for each data event. 
 
Figure 4.8 Moisture Flow Direction between Two Sections 
Since the vertical and horizontal distances are known, and the matric suction can 
be calculated from the SWCC; the hydraulic gradient can be calculated using the 
following equation: 
𝑖 =
𝑑ℎ𝑤
𝑑𝑥
=
(𝜓1 − 𝜓2)
𝛾𝑤
𝑑𝑥
=
(0.5(𝜓01 + 𝜓𝑡1) − 0.5(𝜓02 + 𝜓𝑡2))
𝛾𝑤
𝑑𝑥
 
Where:𝑑ℎ𝑤 is the difference in height of water between two points; 𝑑𝑥 is the 
difference in horizontal position of two points;𝜓1 is matric suction at position1;𝜓01 is 
matric suction at t=0 at position 1; 𝜓𝑡1 is matric suction at the end of the measuring 
interval at position 1; 𝜓2 is matric suction at positon 2;𝜓02: matric suction at t=0 at 
position 2; 𝜓𝑡2 is matric suction at the end of measuring interval at position 2 and 𝛾𝑤 is 
the unit weight of water (9.81 kN/m2) 
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The difference in height of water can be expressed as the suction difference 
between two points divided by the unit weight of water. Since moisture flow is a 
continued event in the two soil sections; the matric suction and difference in height of 
water varies with time. The matric suction in each position should use the average suction 
of the two time measurements. 
From Darcy’s law (1856), the unsaturated hydraulic conductivity can be 
calculated as follow: 
𝑘𝑢𝑛𝑠𝑎𝑡 =
𝑑𝑣𝑤
𝐴𝑑𝑡
×
1
𝑖𝑎𝑣𝑒
 
Where: 𝑑𝑣𝑤  is the change of the volume of water content between two locations; 
𝑖𝑎𝑣𝑒 is average hydraulic gradient between the two locations; 𝐴 is cross-sectional area of 
the specimen; 𝑑𝑡 is the time interval between two measurement events. 
The time between two measurement events can be easily calculated. The cross-
section area can be directly measured (computed) from calipers. The average hydraulic 
gradient should be the average hydraulic gradient of two measurement events since the 
suction will be different at the beginning and end of the measurement event. 
The change of volume of water content of two locations𝑑𝑣𝑤  can be calculated 
using the following equation: 
𝑑𝑣𝑤 = 𝐴 × 𝑑(Δ𝜃1 − Δ𝜃2) 
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Where: A is the cross section area of section 1 and 2; d is distance between 
section 1 and 2 (the distance between two dots in the Figure 4.9); ∆𝜃1 and ∆𝜃2 are 
changes of volumetric water content between two measurement events at section 1 and 2. 
As stated in the experiment design section in Chapter 3, these experiments were 
performed at three temperatures, 5˚C, 25˚C and 40˚C. 
4.4.2 Sample Preparation Method 
The apparatus used in the test relied upon Shelby tubes. Each tube was 15 cm in 
length and had a diameter of 6.5 cm. To prepare the soil for compaction, dry, pulverized 
soil was prepared to the average moisture content in the field and sealed in a plastic bag 
for 7 days. All the sections were compacted in 3 layers with a standard proctor volumetric 
compaction. The required soil was determined from the target dry density, moisture 
content and volume of section tubes before compaction. A third of the soil was used for 
compaction of each layer. A 5TM moisture-temperature sensor was inserted into soil after 
compaction of the second layer was finished. Care was taken to ensure that the 
installation would not damage sensors. The three probes were inserted into the second 
layer of soil, pointing in the long direction of the section (Figure 4.11).  
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Figure 4.9 A Soil Sample with a Sensor Inserted 
The installation of the sensor interrupted the compaction of the third layer so a 
small compactor was used to make the final compaction easier.  After compaction, 
sections were dried out to its target volumetric content and sealed with duck tapes and 
plastic caps (Figure 4.10). 
  
Figure 4.10 A soil section with a cap on one end 
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Tapes and Shelby tube caps were used on both ends of each section to avoid any 
leakage of moisture. Each sample was sealed for at least 24 hours prior to assembly with 
another soil section. The water content used for soil section was selected to cover a wide 
suction range based upon the prior SWCC established.  
4.4.3 Computation of Saturated Hydraulic Conductivity 
The saturated hydraulic conductivity at 5˚C and 40 ˚C was estimated based on the 
saturated hydraulic conductivity at 25 ̊C, which in turn was obtained from consolidation 
test results. At any temperature T, the saturated hydraulic conductivity can be obtained 
from the following equation if the hydraulic conductivity and viscosity at other 
temperature is known. The intrinsic permeability and density are assumed to be constant 
values (Das, 2008): 
𝑘1
𝑘2
=
𝜇2
𝜇1
 
Where k1 and k2 are the saturated hydraulic conductivities at two different 
temperatures, and μ1 and μ2 are the liquid viscositie at those two temperatures. The 
viscosity values used for the calculations were: 6.47E-4Pa·s, 8.9E-4Pa·s   and 1.50E-3 
Pa·s   for 5oC, 25oC and 40oC, respectively. The results obtained are shown in Table 4.1. 
Table 4.1 ksat of DuPont and County Soil at 5oC, 25oC and 40oC 
Temperature County soil DuPont soil 
5oC 1.41E-11 m/s 4.76-11 m/s 
25oC 2.37E-11 m/s 8.02E-11 m/s 
40oC 3.26E-11 m/s 1.10E-10 m/s 
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4.4.4 Instantaneous Profile Experiments At 5 °C 
The experiments for measuring unsaturated hydraulic conductivity of two soils at 
5ºC consisted of 4 test samples. Each sample contained two sections with different water 
contents. For a given sample, each section consisted of the same soil and was compacted 
to same dry density. The volumetric water content and temperature were measured by 
5TM temperature-moisture sensor twice a day and the matric suction was calculated by 
using the SWCC at 5°C. The initial volumetric water content and dimension of all section 
are as follows (Figures 4.13 to 4.16). 
 
Figure 4.11 Initial Volumetric Water Content and Dimensions of Section 1 and 2. 
 
Figure 4.12 Initial Volumetric Water Content and Dimensions of Section 3 and 4 
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Figure 4.13 Initial Volumetric Water Content and Dimensions of Section 5 and 6 
 
Figure 4.14 Initial Volumetric Water Content and Dimension of Section 7 and 8 
After a period of time some sections removed and replaced with soil with a 
different water content to measure the unsaturated hydraulic conductivity at a different 
suction range. Details of these samples have previously been presented in Table 3.6. 
The sensors measured temperature and volumetric water content data every 12 
hours. A data logger was connected to each sensor during the measurement and 
connected to a laptop computer to download data from the data logger. 
The total run time for the test was 117 days (approximately 4 months). Testing 
data was downloaded every week to acquire a volumetric water content-time relationship 
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diagram to calculate the unsaturated hydraulic conductivity. Sections 1-6 were for 
measuring unsaturated hydraulic conductivity of the County soil while sections 5-8 were 
for measuring unsaturated hydraulic conductivity of the DuPont soil.  The volumetric 
water content of each section versus time profiles are shown in Figure 4.17 to 4.23: 
 
Figure 4.15 Section 1 and 2 Volumetric Water Content Versus Time (County soil ) 
From Figure 4.17, it was obviously that the sensors did not function well during 
the test.  The measurement between the 20th and 30th days should be taken as noise. Also 
there was no reason why that the volumetric water content of both sections still went up 
and down after the sections reach equilibrium after 60 days of measurement. While the 
data was collected for 120 days, only the volumetric water content profile between 30 to 
60 days was used for the unsaturated hydraulic conductivity calculation. 
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Figure 4.16 Section 3 and 4 Volumetric Water Content Versus Time (County soil) 
Figure 4.18 shows the volumetric water content versus time profile of section 3 
and 4. In the beginning, the volumetric water content of section 3 was slightly higher than 
section 4. The volumetric water content was decreasing in the first 5 days but increased 
after that. As for section 4, the volumetric water content increased in the first 5 days but 
then decreased for all time after that. During the first 5 days, it was obvious  that two 
sections were in an equilibrium process and the water flow was driving the hydraulic 
gradient between two sections. However it was very hard to find any mechanisms to 
explain the driving force of moisture movement after the 5th days. It was highly likely 
that this phenomenon was caused by the malfunction of the sensors. The test was stopped 
due to the irrational results obtained. 
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Figure 4.17 Restarted Section 3 and 4 Volumetric Water Content Versus Time(County soil) 
The test was restarted after the soil was replaced and compacted (Figure 4.19). It 
was started on June 16th 2015 and ended on July 19th 2015.The test was run for 33 days 
and the volumetric water content of both sections was found to be decrease. For section 3 
the volumetric water content was 0.313 and ended up with 0.262. As for section 4, the 
volumetric water content decreased from 0.138 to 0.111.   
 
Figure 4.18 Section 5 and 6 Volumetric Water Content Versus Time 
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The test of section 5 and 6 lost data during the first few days. The volumetric 
water content of section 5 and 6 was 0.408 and 0.434 at the 7th days. After few days of 
testing the volumetric water content of section 5 was slightly increased and the 
volumetric water content of section 6 was slightly decreased. After several days of testing, 
section 5 was taken out for drying to measure the unsaturated hydraulic conductivity at 
another suction range. After a few days of drying the volumetric water content of section 
5 decreased to 0.336 and test was resumed. Figure 4.21 showed the moisture flow versus 
time of section 5 and 6 after the drying process. 
 
Figure 4.19 Section 5 and 6 Volumetric Water Content Versus Time 
It was obvious that moisture exchange happened between section 5 and 6 during 
20th day to the 80th day. The moisture flowed from the wet section to the dry section due 
the hydraulic gradient. However, the moisture flow did not follow this tend after the 70th 
to 80th day and the driving force was unclear. Sensor malfunction was again suspected. 
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Figure 4.20 Section 7 and 8 Volumetric Water Content Versus Time 
The test of section 7 and 8 started with volumetric water content of 0.404 and 
0.455 (Figure 4.22). During 32 days of testing these two sections appeared not to achieve 
equilibrium. The test ended at the 32nd day and the sample was taken out and replaced 
with soil with lower water content to measure unsaturated hydraulic conductivity at a 
higher suction range. 
 
Figure 4.21 Section 7and 8 Volumetric Water Content Versus Time 
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The test resumed after 70 days and started with relatively lower volumetric water 
content (Figure 4.23). It was obvious that the moisture of the two sections was moving 
out of the test sample at the 133rd day. This could due to the leakage of moisture. The 
sample was taken out and more tape was applied to cover the two ends of each section. 
The two sections finally tended to exchange moisture due to hydraulic gradient.  
4.4.5 Instantaneous Profile Experiments At 25 ℃ 
 The experiments at 25 ℃ started with 12 sections from the experiments at 40 ℃ 
and added 6 sections after the test started. The sample preparation method, compaction 
method, dry density of both soils and the set up procedure testing apparatus of these 
experiments were the same as the experiments at 40 °C and 25°C. The initial conditions 
of all 16 sections are shown in Figure 4.22 to 4.29. 
 
Figure 4.22 Sections 1 and 2 Initial Condition and Dimensions 
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Figure 4.23 sections 3 and 4 Initial Condition and Dimensions 
 
Figure 4.24 Sections 5 and 6 Initial Condition and Dimensions 
 
Figure 4.25 Sections 7 and 8 Initial Condition and Dimensions 
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Figure 4.26 Sections 9 and 10 Initial Condition and Dimensions 
 
Figure 4.27 Sections 11 and 12 Initial Condition and Dimensions 
 
Figure 4.28 Sections 13 and 14 Initial Condition and Dimensions 
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Figure 4.29 Sections 15 and 16 Initial Condition and Dimensions 
The experiments at 25 ̊C also used the same sensors and data logger from the 
experiments at 25oC and 40 ̊C. The sensor measured temperature and moisture of test 
sections every 6 hours and the data was downloaded to a laptop every week. To track the 
moisture movement and calculate conductivity value, moisture-time diagrams of each 
sample were created and shown in Figure 4.32 to 4.36. 
 
Figure 4.30 Sections 1 and 2 Volumetric Water Content Versus Time (County soil) 
78 
 
 
Figure 4.31 Sections 3 and 4 Volumetric Water Content Versus Time (County soil) 
 
Figure 4.32 Sections 5 and 6 Volumetric Water Content Versus Time (County soil) 
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Figure 4.33 Sections 13 and 14 Volumetric Water Content Versus Time (County soil) 
 
Figure 4.34 Sections 15 and 16 Volumetric Water Content Versus Time (County soil) 
Section 1-6 and section 13-16 measured the unsaturated hydraulic conductivity of 
the County soil. From the volumetric water content versus time diagrams, it confirm  that 
the hydraulic gradient was the driving force of moisture movement between section 1 and 
2, 3 and 4, 13 and 14, and section 15 and 16. 
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Among these sections, the volumetric water content of the drier section increased 
and the volumetric water content of the wetter increased.  However the moisture moving 
trend was different between sections 5 and 6 .For both sections 5 and 6, the volumetric 
water content both decreased and this could due to the evaporation introduced by 
imperfect sealing. 
 
Figure 4.35 Section 7 and 8 Volumetric Water Content Versus Time (DuPont soil) 
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Figure 4.36 Sections 9 and 10 volumetric water content versus time (DuPont soil) 
 
Figure 4.37 Sections 11 and 12 Volumetric Water Content Versus Time (DuPont soil) 
The sections 7-12 measured the unsaturated hydraulic conductivity of the DuPont 
soil. For section 9 -12, the moisture was moving from the wetter section to the drier 
section. It was obvious that the two sections were exchanging moisture and the driving 
force was the hydraulic gradient. As for sections 7 and 8, the moisture contents of both 
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sections were found to decrease and therefore, these results were not used in the 
computation. 
4.4.6 Instantaneous Profile Experiments At 40o C 
The instantaneous profile experiments at 40oC were designed to obtain the 
unsaturated hydraulic conductivity of the DuPont and Count soil at 40oC. The sample 
preparation method, compaction method, dry density of two soil and testing apparatus 
were all the same as the experiments at 5oC and 25oC. 
The set up procedure for the experiments at 40oC was exactly the same as the 
experiments at 5°C and 25oC. However, the experiment started with 6 sections (3 samples) 
for each soil. The experiments at 40oC covered a broad suction measure range at the 
beginning and it was found that there was no need to take out and replace any sample 
with different water content. Figures 4.38 to 4.43 present the initial condition of all 6 
samples.  
 
Figure 4.38 Sections 1 and 2 Initial Condition and Dimensions 
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Figure 4.39Sections 3 and 4 Initial Condition and Dimensions 
 
Figure 4.40 Sections 5 and 6 Initial Condition and Dimensions 
 
Figure 4.41 Sections 7 and 8 Initial Condition and Dimensions 
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Figure 4.42 Sections 9 and 10 Initial Condition and Dimensions 
 
Figure 4.43 Sections 11 and 12 Initial Condition and Dimensions 
The sensors and data logger used to obtain the moisture- temperature data were 
the same as the experiments at 5°C and 25oC. The 40°C  test started on Nov.20, 2014 
lasted for 137 days. The tests were intervened giving spaces for some retest of 
unsaturated hydraulic conductivity at 25oC. The sensors measured volumetric water 
content and temperature of each test section every 6 hours and data was downloaded 
every week. Moisture- time diagrams were created to track the change of moisture and 
are shown in Figures 4.46 to 4.48. 
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Figure 4.44 Sections 1 and 2 Volumetric Water Content Versus Time (County soil) 
 
Figure 4.45 Sections 3 and 4 Volumetric Water Content Versus Time (County soil) 
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Figure 4.46 Sections 5 and 6 Volumetric Water Content Versus Time (County soil) 
These three figures recorded the moisture movement of sections 1 to 6. All 
sections 1-6 were for the County soil and all sections lost moisture during testing .For 
sections with higher volumetric water content, the decreasing moisture could be due to 
not only the hydraulic gradient but also small level of evaporation at the high temperature 
(40ºC).  For sections with lower the volumetric water content, the evaporation was the 
only explanation of reduction of moisture content. Only section 1 and 2 reached 
equilibrium status at the end of study. The following Figures (4.49 to 4.51) show the 
moisture changes of sections 7-12.  
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Figure 4.47 Sections 7 and 8 Volumetric Water Content versus Time 
 
Figure 4.48 Sections 9 and 10 Volumetric Water Content versus Time 
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Figure 4.49 Sections 11 and 12 Volumetric Water Content versus Time 
Results from sections 7 to 12 for the DuPont soil showed that the volumetric 
water content of the low moisture section was continuously decreasing.  This might be 
caused by unavoidable evaporation under such a high temperature. None of tests reached 
any equilibrium status and the tests were stopped after several data points were collected.  
4.4.7 The Instantaneous Profile Experiments Test Result 
According to the volumetric water content-time diagrams, the unsaturated 
hydraulic conductivity of County and DuPont soil at three temperatures were calculated, 
the results and fitting equations are presented in Figures 4.50 and 4.51. The methodology 
used to calculate the unsaturated hydraulic conductivity has been previously stated in the 
chapter. To obtain multiple data points at various suctions, various time intervals were 
chosen. The data used for the computation was only obtained from section pairs intervals 
that resulted in rational moisture flow due to hydraulic gradient.  
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Figure 4.50 The Unsaturated Hydraulic Conductivity Function of County Soil at Three Temperatures 
 
Figure 4.51  The Unsaturated Hydraulic Conductivity Function of DuPont Soil at Three Temperatures 
The two figures above present the unsaturated hydraulic conductivity function of 
the DuPont and County soil at 5˚C, 25˚C and 40˚C. Also , each fucntion quantified by a 
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linear fitting curve. The unsaturated hydraulic conductivity values obtained from the 
County soil range over five degree of magnitudes from 40 kPa to 200,000 kPa. As the 
matric suction increased, the unsaturated hydraulic conductivity decreased. Compared 
with the unsaturated hydrualic conductivity functions under three temperatures, it was 
found that the conductivity at 40ºC was higher than those obtrained at 5˚C and 25˚C. In 
addition, the difference between results at 40ºC and the other two temperatures increased 
as the matric suction increased. However, the unsaturated hydraulic conductivity 
functions at 5˚C and 25˚C appear to overlap and exhibit no significant differences. 
The unsaturated hydraulic conductivity functions of the DuPont soil also covered 
a wide range of matirc suction (100 to 30,000 kPa) and ranged over 4 order of 
magnitudes. The unsaturated hydrualic conductivity also decreased when the matric 
suction increased. Unlike the County soil , the  temperature had only a slight effect on the 
unsaturated hydraulic conductivity. All the data points collected at varies temperatues 
were close to each other and the trendlines of three functions were also very close. 
Nevertheless, it can be observed that the influence of the hight test temperature (40 ̊C) 
resulted in  the heigest hydraulic conductivty value at a given matric suction. While the 
temperature infulence for the DuPont soil is not as large as  that found for the County soil; 
it is a similar result, for both soil, that the warmer temperature appear to casue a large 
conducitivty value. In addition, this difference appear to become larger as the matric 
suction is increased. 
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5 Numerical Modeling 
5.1 Introduction 
5.1.1 General Introduction  
Two types of numerical analyses were pursued in this study: sensitivity studies 
step wise studies. The sensitivity studies investigated whether changes in unsaturated 
hydraulic properties lead to significant moisture redistribution variation under a pavement 
structure. The stepwise studies aimed to simulate the moisture redistribution under 
environmental changes in the foundation of the pavement structure. In previous chapters, 
it was shown that temperature changes impact the unsaturated hydraulic properties of 
both DuPont and County soils. Since the temperature changes altered the shape, the slope 
of SWCC and unsaturated hydraulic conductivity functions, the difference may happens 
in modeling when comparing results of modeling used the unsaturated hydraulic 
properties at varies temperatures. 
The sensitivity analysis consisted of three separated models that used the different 
unsaturated hydraulic properties obtained at 5°C, 25°C and 40°C. In these three models, 
all material properties except the unsaturated hydraulic properties were kept constant. The 
laboratory-obtained SWCC and unsaturated hydraulic conductivity functions at 5 °C, 
25 °C and 40 °C were used for these models. This analysis allowed to indirectly 
considering the thermal effect without using a coupled hydro-thermal model.   
Two additional simulations were performed that used a stepwise analysis in order 
to simulate the seasonal temperature changes measured under the pavement structure in 
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the field. In these simulations, instead of keeping the material’s hydraulic properties 
constant throughout the whole running time as in the sensitivity studies, the unsaturated 
hydraulic properties were changed according to the changes in temperature data collected 
from the weather station located in the Atlantic City airport. The running time was 
divided into several time steps and the unsaturated hydraulic properties for each step were 
input according to the average temperature measured during that time step. 
The testing facility was instrumented to obtain simultaneous measurements of 
temperature and moisture content. The 5TM moisture/temperature sensors from 
Decagon© were buried along two different profiles (named locations E and F) across a 
transverse section perpendicular to traffic movement, as shown in Figure 5.1. Five 
moisture/temperature sensors were set up along each location for a total of 10 sensors. 
The locations are shown in Figure 5.2. 
Finally, the results of the sensitivity analysis and the stepwise runs were compared 
with each other and with data measured in the field in order to find out the effect of 
variation of unsaturated hydraulic properties on the moisture movements in the field.  
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Figure 5.1Plan View of Testing Facility Showing the Locations of the Sensors (1 ft = 30.48 cm) 
 
Figure 5.2 Sensors Locations and Model Geometry 
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5.1.2 Svflux Software 
The software package used for creating all the five models is SVFux from 
SoilVision©. SVFlux is a finite element seepage analysis modeling software program 
which is a part of the SVOffice analysis suite produced by SoilVision Systems, Inc. of 
Saskatoon, Saskatchewan, Canada. The software is designed to analyze both saturated 
and unsaturated flow through underground in both steady-state and transient time 
conditions. The software is widely used in the field of civil engineering and hydrology to 
solve seepage problems. 
Groundwater flow problems in geotechnical and geo-environmental engineering 
involve the solution of a partial differential equation (PDE). SVFlux solves the PDE 
using finite element analysis. Each finite element represents a discrete portion of the 
problem, for which the solution of the PDE must be obtained. The theory of groundwater 
flow embraces the physical behavior of material and the conservative laws of physics. 
The physical behavior of many materials, especially unsaturated soils, is nonlinear and 
therefore, the solution of nonlinear PDEs is a challenging task. 
5.1.2.1 Basic seepage theory of SVFLUX 
The seepage algorithm in SVFLUX is based on Darcy’s law, Fick’s law and 
conservation of mass. The continuous mechanics principle and partial differential 
equations (PDEs) are widely used in solving unsaturated/saturated seepage problems. An 
outline of the algorithm in SVFlux used to solve most seepage problems is as follows: 
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1. Conservation of mass: 
The fundamental law of conservation of mass is the basic equation for 
saturated/unsaturated seepage calculation. Considering the mass of water that flow in and 
out of a soil representative element volume and the difference is equated to the 
mass/energy change of representative element volume. Considering a 3- dimensional 
flow and the equation can be developed; 
−
𝜕𝑞𝑥
𝑤
𝜕𝑥
−
𝜕𝑞𝑦
𝑤
𝜕𝑦
−
𝜕𝑞𝑧
𝑤
𝜕𝑧
=
1
𝑉0
𝜕𝑀𝑤
𝜕𝑡
 
Where: 𝑞𝑥
𝑤, 𝑞𝑦
𝑤, 𝑞𝑧
𝑤 are total water flow rates in the x, y, z direction across unit 
area of soil representative element, respectively;V0 is the volume of the soil 
representative element and equal to dxdydz,; Mw is mass of water within the representative 
element; and t is the time. 
5.1.2.2 Change in volume of stored water   
To describe the change in volume of stored water, a soil property that describes 
the gradient of the soil-water characteristic curve is created by taking the derivative of the 
soil-water characteristic curve in transition zone. 
𝑑𝑉𝑤
𝑉0
= 𝑚2𝑑(𝑢𝑎 − 𝑢𝑤) 
Where,𝑚2
𝑤 =  
𝑑(
𝑉𝑤
𝑉0
⁄ )
𝑑(𝑢𝑎−𝑢𝑤)
=
𝑒
1+𝑒
𝑑𝑆
𝑑(𝑢𝑎−𝑢𝑤)
, is coefficient of water storage, obtained 
by taking the derivative of the SWCC;
𝑉𝑤
𝑉0
⁄  is  volumetric water content; e is void ratio, 
S is the degree of saturation; and  (𝑢𝑎 − 𝑢𝑤) is the matric suction. 
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The equation is based on the assumption that a change in the water store in soil 
pore is a function of matric suction.  
5.1.2.3 Flow of liquid water 
The flow of liquid water in SVFLUX can be described by Darcy’s law (Darcy, 
1856). The driving force is a difference in total hydraulic head in saturated soil and matric 
suction in unsaturated soil. Darcy’s law in three dimensions; 
𝑣𝑥
𝑤 = −𝑘𝑥
𝑤(𝜃)
𝜕ℎ
𝜕𝑥
 ;  𝑣𝑦
𝑤 = −𝑘𝑦
𝑤(𝜃)
𝜕ℎ
𝜕𝑦
 ;  𝑣𝑧
𝑤 =  −𝑘𝑧
𝑤(𝜃)
𝜕𝑦
𝜕𝑧
 
Where:𝑣𝑥
𝑤 , 𝑣𝑦
𝑤 , 𝑣𝑧
𝑤 are pore flow rate in x, y, z direction across a soil unit volume 
due to hydraulic gradient;𝑘𝑥
𝑤(𝜃) , 𝑘𝑦
𝑤(𝜃) , 𝑘𝑧
𝑤 (𝜃) are hydraulic conductivity function in 
the x, y, z direction; H is hydraulic head; uw is the pore water pressure; 𝛾𝑤 = unit weight 
of water; 
5.1.2.4 Flow of water vapor  
The flow rate of water vapor due to the vapor concentration gradient in SVFLUX 
is from Fick law. The Fick’s law of diffusion describes diffusive flux to the concentration 
gradient. In Fick’s law, the amount of substance pass through a certain unit is 
proportional to concentration gradient and diffusion coefficient. The SVFLUX use a 
modification of Fick’s law (Phillip and de Vries, 1957 and Dakshanamurthy and 
Fredlund, 1981).  
𝑣𝑥
𝑣 =  −
𝑘𝑣𝑑
𝛾𝑤
𝜕𝑢𝑤
𝜕𝑥
;  𝑣𝑦
𝑣 = −
𝑘𝑣𝑑
𝛾𝑤
𝜕𝑢𝑤
𝜕𝑦
 ;  𝑣𝑧
𝑣 = −
𝑘𝑣𝑑
𝛾𝑤
𝜕𝑢𝑤
𝜕𝑧
 ; 
 
97 
 
Where,𝑣𝑥
𝑣  , 𝑣𝑦
𝑣, 𝑣𝑧
𝑣 are vapor flow rate in x, y, z direction across a soil unit area due 
to concentration gradient; 𝑘𝑣𝑑   is pore-water vapor conductivity by vapor diffusion within 
air phrase. 
Two-dimensional seepage analysis is used for modeling; the following equation is 
obtained for transient saturated/unsaturated seepage: 
𝜕
𝜕𝑥
[(𝑘𝑥
𝑤 + 𝑘𝑣𝑑)
𝜕ℎ
𝜕𝑥
] +
𝜕
𝜕𝑦
[(𝑘𝑦
𝑤 + 𝑘𝑣𝑑)
𝜕ℎ
𝜕𝑦
− 𝑘𝑣𝑑] = −𝛾𝑤𝑚2
𝑤
𝜕ℎ
𝜕𝑡
 
Where: x is the horizontal direction; y is the vertical direction, corresponding to 
the elevation; kvd is the pore-water vapor conductivity by vapor diffusion within the air 
phase; kxw is the hydraulic conductivity function in the x-direction; and kyw is the 
hydraulic conductivity function in the y-direction. 
The establishment of each model requires of the following steps: 
1. Create model : 
Setting up the dimensionality (1D/ 2D / 3D), the type of analysis (transient / 
steady), Unit (metric/SI) and the range of coordinate systems 
2. Enter geometry  
Enter general geometry data. The model can be divided into regions and the 
dimension of reach region can be set up. 
3. Specify boundary conditions 
Several types of boundary conditions can be applied. Some typical boundary 
conditions in SVFlux are: 
- Natural boundary condition: flux 
- Essential boundary condition: imposed value  
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- Special boundary conditions: combination of the above conditions. 
The essential condition assign to nodes with fixed values while the natural 
boundary conditions are assigned to the sides of elements. 
The natural boundary condition associated with the seepage PDE corresponding 
to the total amount of water flow of water normal to the element surface (m3/s). 
𝑁𝑎𝑡𝑢𝑟𝑎𝑙 𝐵𝑜𝑢𝑛𝑑𝑎𝑦 𝐶𝑜𝑛𝑑𝑡𝑖𝑜𝑛 = ∫ (𝒗 ∗ 𝒏)𝒅𝑺
𝚪
 
Where: Γ is the boundary; v is the total flux vector; n is the outward surface-
normal; and dS is an infinitesimal element at the boundary. 
The essential boundary conditions correspond to the pore-water pressure/hydraulic head 
or any related hydraulic head values, h. 
4. Initial condition 
The initial condition in SVFlux requires the input of the pore water pressure or 
hydraulic head to start the modeling. The initial condition in SVFlux assumes hydrostatic 
condition as follows: 
𝑢 = 𝜌 × (ℎ − 𝑧) 
Where: u is the pressure; ρ is the unit weight of water; h is the total head; and z is 
the elevation head. 
An initial condition with u=0 represents a phreatic surface. When u>0, the initial 
condition is a saturation condition. An initial condition with u<0 represents the model 
start with unsaturated condition. 
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5. Material properties 
The material properties in SVFlux are soil-water characteristic curve, unsaturated 
hydraulic conductivity function and specific gravity, etc.  The soil-water characteristic 
curve and unsaturated hydraulic conductivity are two central properties of unsaturated 
soils and various fitting models are provided in SVFlux. 
6. Specify model output 
The model output should be specified before model running. The software can 
record the result in varies forms (contour map, elevation plot) and can be displayed while 
the problem is solving. The output of model result can be matric suction, pore water 
pressure, hydraulic head, etc. 
7. Run model 
To analyze the model, the analyze button need to be clicked and this action will 
initial a file to record and open the FlexPDE solver. The solver will automatically begin 
solving the model. Also, graphs are providing with users to give a rough indication of 
progress and results. 
5.2 Model Geometry 
Five models were created to simulate the moisture movement between September 
2013 and September 2014 for two locations, named E and F. The location E is closer to 
the pavement centerline and the location F is closer to one end of the pavement, as shown 
in Figure 5.1 above. 
The geometry of five models was identical and represented a half space of the 
total area covered in the field. The total length of the model was 9.14 m. and the depth 
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was 3.56 m. The models were divided by regions according to the material type and 
locations of the 5TM moisture/temperature sensors. From top to bottom, the first two 
regions corresponded to the granular base and subbase materials (named P-209 and P-
154, respectively). The DuPont soil and County soil soils followed under P-154 and were 
subdivided into regions according to the location of the moisture/temperature sensors in 
the field. Each region of DuPont soil and County soil is represented by one sensor. The 
geometry of the model area is shown in Figure 5.2 above. 
5.3 Material Properties And Running Time 
Five models were created with material properties that differed due to temperature 
differences. Models 1, 2 and 3 were run with the same hydraulic properties throughout 
the year while models 4 and 5 considered different hydraulic properties during the runs in 
a stepwise fashion, depending on climatic seasonal variations. 
The simulations’ running time was 360 days for all runs. The models 1 to3 were 
run for a whole year continuously and the models 4 and 5 were run for different time 
intervals that last from two to three months, until one-year run was completed.  
The material properties needed as input in SVFLUX include the unsaturated 
hydraulic conductivity function, the SWCC and the specific gravity of the solids, etc. The 
models 1-3 were non- stepwise model and the material properties within each model were 
constant. 
By conducting experiments in laboratory, the SWCC and kunsat of County soil and 
DuPont soil at 40 ̊C, 25 C̊ and 5 ̊ C were available.  
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Figures 5.3 to 5.6 showed the SWCC and kunsat of County and DuPont soil at 
40   ̊C, 25 ̊C and 5 ̊ C applied in three models and table 5.1 showed the materials 
hydraulic properties in each model.   
Table 5.1 Material Properties Used in the Sensitivity Analysis Simulations 
 
Model 1 Model 2 Model 3 
DuPont soil SWCC, kunsat at 5oC SWCC,kunsat at 25oC SWCC,kunsat at 40oC 
County soil SWCC, kunsat at 5oC SWCC,kunsat at 25oC SWCC,kunsat at 40oC 
 
 
Figure 5.3 SWCC for DuPont soil at 5oC, 25oC and 40oC 
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Figure 5.4 SWCC for County soil at 5oC, 25oC and 40oC 
 
Figure 5.5 Unsaturated Hydraulic Conductivity Functions for DuPont soil at 5oC, 25oC and 40oC 
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Figure 5.6 Unsaturated Hydraulic Conductivity Functions for County Soil at 5oC, 25oC and 40oC 
For the stepwise models (models 4 and 5), the properties of DuPont soil were 
changed for each step according to the average temperature registered in the field. 
Temperature variation of County soil in the field was within 10˚C and for that reason, 
isothermal conditions (i.e., a unique SWCC and a unique unsaturated hydraulic 
conductivity function of County soil) were applied in all steps. Apart from that, the base 
and subbase material assumed were also not sensitive to temperature variation so the 
properties were also constant. On the other hand, the SWCC of DuPont soil was found to 
be sensitive to temperature. Thus, the hydraulic properties of the DuPont soil were 
changed at each time step in the simulations 4 and 5. DuPont soil was divided into 4 
regions since there were 4 sensors buried in that soil, as shown in Figure 5.2. Regions 1 
and 2 corresponded to the upper depth of the soil and regions 3 and 4 were at the lower 
depth. The average daily temperature registered in the field was used to determine the 
material properties to be used in each region. It was been found that the daily temperature 
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of regions at same depth level were not significantly different. Thus, the material 
properties used for regions at same depth corresponded to the same average temperature. 
Figure 5.7 shows the field daily average temperatures for the different regions used for 
the numerical analysis. 
 
Figure 5.7Average Field Temperatures For the Different Regions 
 
Figure 5.8 Temperature Used in the Numerical Analysis to Choose the Material Properties for Regions 1 
and 2 
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Figure 5.9 Temperature Used in the Numerical Analysis to Choose the Material Properties for Regions 3 
and 4 
Figure 5.8 and 5.9 showed the average temperatures measured in the 4 regions 
and the material properties applied in each model. The material properties at 22.5oC, 
20oC, 17.5oC, 15oC, 12.5oC, 10 oC and 7.5 oC were required in models 4 and 5. Since only 
the SWCC at 5 oC and 25 oC were available, the SWCC at intermediate temperatures were 
created by interpolating the SWCC at 5 oC and 25 oC. As for the unsaturated hydraulic 
conductivity function of DuPont soil, a unique function was created for models 4 and 5 
since the function was found to be slightly sensitive to the temperature found in the field. 
Table 5.2 presents a list of steps used in models 4 and 5 and the material 
properties used for each step. Model 4 made use of 5 steps while model 5 made use of 6 
steps. The model 5 was a modification of model 4. The material properties in model 5 
were closer to the material properties in field than model 4. Figures 5.10 to 5.13 showed 
the hydraulic properties for DuPont and County soils used in models 4 and 5. 
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Table 5.2 Temperatures Used to Determine the SWCC for Models 4 and 5 
Material properties for Model 4 Material properties for Model 5 
  
Regions 
1 and 2 
Regions 
3 and 4 
  
Regions 
1 and 2 
Regions 
3 and 4 
Step 1 
Sep-13 
20 °C 20 °C Step1 
Sep-13 
20 °C 20 °C 
Oct-13 Oct-13 
Step 2 
Nov-13 
15 °C 
 
15 °C 
Step 2 
Nov-13 
12.5 °C 17.5 °C 
Dec-13 Dec-13 
Step 3 
Jan-14 
5 °C Step 3 
Jan-14 
7.5 °C 
12.5 °C 
Feb-14 Feb-14 
Mar-14 Mar-14 
Step 4 
Apr-14 
15 °C 
Step 4 
Apr-14 
12.5 °C 
May-14 May-14 
Jun-14 
Step 5 
Jun-14 
20 °C 17.5 °C 
Step 5 
Jul-14 
20 °C 20 °C 
Jul-14 
Aug-14 Step 6 Aug-14 22.5 °C 20 °C 
 
 
Figure 5.10 SWCC for DuPont soil at different temperatures for Models 4 and 5 
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Figure 5.11The Unsaturated Hydraulic Conductivity Function for DuPont soil Used in Models 4 and 5 
 
Figure 5.12The SWCC for County Soil Used in Models 4 and 5 
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Figure 5.13 Unsaturated Hydraulic Conductivity Function for County Used in Models 4 and 5 
5.4 Initial Conditions 
Initial conditions are required for each region. The conditions required in 
SVFLUX include the initial pore water pressure, hydraulic head and some indexes 
relating to pore water pressure. The initial condition inputted in the five models were 
negative pore water pressure/matric suction corresponding to the volumetric water 
content measured at each region at the beginning of the simulation. 
As for base and subbase materials, the initial conditions were the average matric 
suction in field. The properties of these two materials always regard as constant since 
there was no sensor measuring them.  
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For DuPont and County soil, sensors are measuring the temperature and 
volumetric water content every hour in field. In each region within DuPont and County 
soil, the initial condition can be represented by the daily average volumetric water 
content data from the sensors at the first day of running time. 
As for model 1 to 3, the initial conditions were the daily average volumetric water 
content from the sensor in the first day of modeling running time in field. 
Since the models 4 and 5 were stepwise model the initial conditions can vary by 
each step. At the first step, the initial conditions were the volumetric water content at the 
first day of sensors in field. The initial conditions for the second and the rest steps were 
the result of volumetric water content of the former step. 
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5.5 Boundary Conditions  
The boundary conditions were the same for the five models and similar to the 
conditions in the field. Since the top of the test facility is covered by a low permeable 
pavement layer; and the right and bottom sides of the test area are covered by low 
permeable membranes, no moisture exchange at these three boundaries was assumed. 
Due to the fact that SVFlux will not allow to model that is enclosed at all boundaries, the 
left boundary was open to flow (called “no boundary condition” in SVFlux). However, 
when the “no boundary condition” is used, the moisture movement across the boundary is 
actually not allowed. Thus, the system simulated is enclosed and only moisture 
redistribution within the boundaries is simulated. The boundary conditions are presented 
in Table 5.3 
Table 5.3 Boundary Conditions used in the Five Models 
Boundary conditions along each boundary 
Top side No Flux 
Bottom side No Flux 
Left side Open to Flux 
Right side No Flux 
5.6 Modeling Results 
Two profiles were created in SVFlux for each model in order to record the 
predicted volumetric water contents not only vertically but also at certain periods of time. 
These profiles (called time lines in SVFlux) were created at the same locations E and F, 
along which the sensors were buried in the field.  Even the sensors recorded data every 
hour, only the daily average moisture content was used to compare with the model 
results.  
111 
 
Figures 5.14 and 5.15 show the final results (i.e., water contents at t=360 days) 
compared to the field data for profiles E and F, respectively. 
 
Figure 5.14 Volumetric Water Content Results Along Location E 
 
Figure 5.15 Volumetric Water Content Results Along Location F 
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As shown in these figures, the field measured data fall within the data obtained 
from the five different models. Figures 5.16 to 5.19 show the comparison of the measured 
and predicted data along a 45º line provided as a reference. From these results, it appears 
that the simulations do a reasonable job predicting the values in the field except for one 
point for model 4 at location E. For Location E, the coefficients of correlation (R2) ranged 
from 63% to 79% for the sensitivity analysis; while for Location F, R2 varied between 
65% and 96%.  
Results from the stepwise analysis for Location E deteriorated for Model 4 to an 
R2 of 21%, but drastically improved in Model 5 to an R2 of 88%. For Location F, the 
stepwise analysis improved the scatter found in the sensitivity analysis results. R2 values 
of 64% and 91% were found for Models 4 and 5, respectively. 
 
Figure 5.16 Modeling Results versus Measured Data at Location E from Models 1, 2 And 3 
Model # R
2
1 0.79
2 0.63
3 0.65
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Figure 5.17 Modeling Results versus Measured Data at Location E from Models 4 and 5 
  
Figure 5.18 Modeling Results versus Measured Data at Location F from Models 4 and 5 
Model # R
2
4 0.21
5 0.88
Model # R
2
1 0.96
2 0.86
3 0.65
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Figure 5.19 Modeling Results Versus Measured Data at Location F for Models 4 and 5 
The variation between the final measured values and those found in the 
simulations are presented in Tables 5.4 and 5.5, by transversal location and by depth, 
respectively. The differences were calculated as follows: 
𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =
| θ𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − θ𝑚𝑜𝑑𝑒𝑙 𝑟𝑒𝑠𝑢𝑙𝑡|
𝜃𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
% 
Table 5.4  Differences between Measured and Predicted Volumetric Moisture Contents by Transversal 
Location 
Differences by location Location E Location F Average 
Model 1 5.8% 3.1% 4.5% 
Model 2 7.0% 4.5% 5.7% 
Model 3 8.5% 6.8% 7.7% 
Model 4 10.2% 7.8% 9.0% 
Model 5 3.7% 4.4% 4.0% 
 
  
Model # R
2
4 0.64
5 0.91
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Table 5.5 Differences between Measured and Predicted Volumetric Moisture Contents by Depth 
Difference 
by depth 
0.89m 1.96m 2.26m 2.74m 3.2m Average 
Model 1 3.3% 5.3% 6.5% 3.7% 3.5% 4.5% 
Model 2 8.7% 2.5% 5.6% 2.2% 9.6% 5.7% 
Model 3 19.8% 6.5% 7.0% 3.5% 1.5% 7.7% 
Model 4 17.8% 11.6% 1.3% 10.2% 4.2% 9.0% 
Model 5 2.4% 5.0% 3.5% 3.7% 5.4% 4.0% 
Average 10.4% 6.2% 4.8% 4.7% 4.9%  
 
Tables 5.4 showed that the differences in each location varied from 3.1% for 
Model 1 (at 5oC) to 10.2 % for Model 4. The differences between the measured and 
predicted results were found to be higher for location E (at the center of the pavement) 
than for location F (side of the pavement). The average values showed improvement of 
results for the stepwise analysis performed with more steps (Model 5). 
Table 5.5 shows a wider range of differences for each depth, from 1.3% to 19.8%. 
When comparing the results by depth from the sensitivity analysis, the simulation run at 
5oC yielded the best simulation at the shallower depth of 0.89 m; while the simulation at 
25oC yielded the best results for intermediate depths (1.96m, 2.26m and 2.74m). For the 
deeper point in the profile (3.2m), the smallest difference was found with the simulation 
at 40oC. The stepwise analysis with the largest number of steps (Model 5) showed 
improvement in the prediction at all depths, except at 3.2m depth. Overall, the Model 5 
presented an improvement of the results over those obtained from the sensitivity studies. 
Figures 5.20 to 5.25 presents a comparison of the predicted and measured data 
with respect to time for the sensitivity analysis runs (Models 1, 2 and 3). These figures 
allow for observations about differences in the results with respect to time. The predicted 
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moisture data recorded every 90 days was used for the comparison to the field data. It can 
be observed that before 90 days of running time, the results “jumped” to a more stable 
value and remained closer to that value for the duration of the simulation. The same trend 
was observed for all three models. Also, it can be observed that the simulation did not 
capture the variation of moisture content in the field throughout the year; which was 
expected as the runs were performed at isothermal conditions. 
 
Figure 5.20 Volumetric Water Content versus Time from Model 1 Results for Location E 
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Figure 5.21 Volumetric Water Content versus Time from Model 1 Results for Location F 
 
Figure 5.22Volumetric Water Content versus Time from Model 2 Results for Location E 
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Figure 5.23 Volumetric Water Content Versus Time from Model 2 Results for Location F 
 
Figure 5.24 Volumetric Water Content versus Time from Model 3 Results for Location E 
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Figure 5.25 Volumetric Water Content versus Time from Model 3 Results for Location F 
Figures 5.26-5.29 showed the comparison of the volumetric water content profile 
of stepwise analysis to the field measured data. As explained before, the stepwise analysis 
was aimed to simulate the seasonal fluctuation in the field by changing the unsaturated 
hydraulic properties based on the temperatures recorded in the test facility. Results from 
both models indicated better predictions at intermediate depths. Model 5, the model with 
more refined steps, show improved overall results over predictions found with Model 4.  
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Figure 5.26 Volumetric Water Content versus Time for Model 4 Results at Location E 
 
Figure 5.27 Volumetric Water Content versus Time for Model 4 Results at Location F 
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Figure 5.28 Volumetric Water Content versus Time for Model 5 Results at Location E 
 
Figure 5.29  Volumetric Water Content versus Time for Model 5 Results at Location F 
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6 Summary And Conclusions 
The determination of the unsaturated hydraulic properties at different 
temperatures of two fine grained materials was accomplished in this study. Despite of this 
process being difficult and time consuming, three SWCC and three unsaturated hydraulic 
conductivity functions were obtained. This thesis provided information regarding the 
experiment procedures followed to measure the unsaturated hydraulic properties, 
experimental design, calculations for the determination of the unsaturated hydraulic 
conductivity at three temperatures of two fine grained materials and the numerical 
modeling studies results obtained with the unsaturated hydraulic properties obtained from 
experiments. A summary of the research conducted is presented below along with the 
conclusions of the study and recommendations for future research regarding the 
measurement of thermal effects on the unsaturated hydraulic properties and moisture flow 
under covered areas. 
6.1 Summary 
In Chapter 1, the background and introduction was outlined with the objective, scope 
and limitation of this research. The temperature effect on hydraulic properties of 
unsaturated soils is a major concern in the design of geotechnical engineering systems, 
radioactive waste disposal barrier behavior, the heat transfer efficiency of ground-source 
heat pump systems, and the performance of pavement systems. 
The Soil Water Characteristic Curve (SWCC) plays an important role in the 
application of unsaturated soil since several unsaturated soil property functions are 
related to it. These functions, including the hydraulic conductivity, the shear strength, the 
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chemical diffusivity, the specific heat and the thermal conductivity in unsaturated soil, 
are affected by moisture content which varies with matric suction. 
There are a number of researches have done laboratory studies regarding the 
thermal effect on hydraulic properties of soil but the results are restricting to sandy soil, 
clay and a mixture of both or limited to low suction or low temperatures. This study was 
motivated by homogenous unbound material stiffness changes phenomenon with real 
time under identical loading conditions in FAA William Hughes test facility. It was 
hypothesized that the changes in stiffness resulted from redistribution of moisture content 
attributed to environmental effects. In order to prove this hypothesis, the unsaturated 
hydraulic properties of the two silty materials were studied and sensitivity analysis and 
stepwise analysis on their influence in moisture movement under the pavement structure 
were performed.   
In Chapter 2, a literature review was conducted in order to provide insight into 
current methods and techniques used for determination of SWCC and unsaturated 
hydraulic conductivity function of fine grained materials. The soil hydraulic conductivity 
defines the rate at which water flow is allowed through its interconnected voids and it is 
generally assumed to be a constant value for saturated soil (Das, 2008). For unsaturated 
soil, however, it varies widely depending on stress state (matric suction). The unsaturated 
hydraulic conductivity can be determined by direct techniques or through indirect 
techniques base on SWCC. Also, the flow rate and hydraulic head gradient can either be 
constant or varies with time. Thus, the measurements can be divided into two categories: 
steady-state methods (flow rate and hydraulic gradient keep constants) and unsteady-state 
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methods (flow rate and hydraulic gradient vary with time). The researches performed by 
some researchers indicated that the unsaturated hydraulic conductivity increased as 
temperature increased. The temperature effect was more important and obvious when the 
degree of saturation increased (Romero et al., 2001; Zhang et al., 2013).  
The SWCC is broadly defined as the relationship between the gravitation water 
content/volumetric water content/degree of saturation and matric suction (ua-uw) of 
unsaturated soil. It is a measure of water storage capacity of the soil for a given matric 
suction. Laboratory equipment for measuring SWCC can be divided into two categories: 
one applying matric suction and other applying a controlled total suction. Varies research 
results regarding temperature effect on SWCC (Hopmans and Dane, 1986; Wu et al. 2004; 
El-Kensky, 2011, Romero et al., 2001) can be found in the literature. Hopmans and Dane 
(1986) found water in soil can be divided in two categories: isolated water and 
continuous water and the increase of temperature will transfer the isolated water into 
continuous water thus increased the hydraulic conductivity. Experiments studies by 
Romero et al. (2001) indicated that the water content in the SWCC slightly decreased as 
temperatures increased.  
In Chapter 3, the characterization of the soil materials was presented and the 
experiment procedures were introduced. County soil was classified as low Plasticity silt 
(ML) and DuPont soil was classified as high elasticity silt (MH). The basic soil properties 
(grain size distribution, Atterberg limits, specific gravity and consolidation) testing 
results were showed. The determination of SWCC at lower suction (<1,500 kPa) involved 
the Fredlund and Xing cell and the filter paper tests were conducted to determine the 
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SWCC when suction was higher than 1,500 kPa. The unsaturated hydraulic conductivity 
functions were obtained by using instantaneous profile method. 
In Chapter 4, the methods and apparatus used to measure SWCC were outlined, 
and the results of SWCC at three different temperatures were presented. Details of 
procedures in six planned instantaneous profile experiments tests were presented. The 
computation and calculation procedures used to determine the unsaturated hydraulic 
conductivity were discussed. Also, the volumetric water content profiles of all tests were 
presented and the test results at different temperatures were compared. The thermal 
effects on unsaturated hydraulic properties of two testing materials were analysis based 
on the test results. 
In Chapter 5, five models in two types of analysis were created to investigate the 
thermal effect on moisture flow in numerical modeling. In sensitivity analysis, three 
models were created with hydraulic properties at three temperatures and results were 
compared with each other and to measured data in field to investigate the thermal effect 
on the field moisture content. In stepwise analysis, two models (Models 4 and 5) were 
created to simulate real moisture flow in field. Model 4 was divided into five steps and 
model 5 was divided into six steps. The hydraulic properties of testing materials were 
corresponding to average temperature in each step to simulate the hydraulic properties in 
field. The results of two models in stepwise analysis were compared with measured field 
data and discussed.  
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6.2 Conclusions 
6.2.1 Temperature Effects On SWCC 
To analyze the temperature effect on the SWCC and unsaturated hydraulic 
conductivity of two soils, results from three temperatures were compared. According to 
the results obtained, it was found that the SWCC of County soil was affected by 
temperature when suction was higher than about 1,000 kPa. The SWCC at 5oC was 
slightly higher than the SWCC at 25oC and 40oC, which indicates that the County soil 
retained more water at lower temperatures. The three curves at 5˚C, 25˚C and 40˚C 
overlapped when the suction was lower than 1,000 kPa and not significant differences 
were observed. As for DuPont soil, the differences in temperature also had an effect on 
the SWCC. When comparing the results at the same degree of saturation, it was found 
that the suction increased as temperature decreased for suction values lower than about 
10,000 kPa. In other words, the DuPont soil tended to hold more water at lower 
temperatures. Various theories have been proposed to explain the temperature effect on 
SWCC. One of the theories consider the soil water composed of continuous water and 
isolated packets of water, where the continuous water is the only water that can flow 
freely in and out of soil. As temperature increases, the interfacial tension will decrease so 
the capillary tube will not be able to hold all entrapped water, which will release isolated 
water into continuous water. In addition, the attractive force between soil solid surfaces 
will decrease as temperature increases. A reduction in the attractive force will release 
isolated water into continuous water, which will result in lower water content at lower 
temperatures when the same matric suction is applied (Hopmans and Dane, 1986).   
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Therefore, the results obtained are well aligned with the findings from Hopmans 
and Dane. 
6.2.2 Thermal Effect on Unsaturated Hydraulic Conductivity Functions 
The unsaturated hydraulic conductivity functions results obtained at three 
temperatures varied for the two soils used in this study. For County soil, the unsaturated 
hydraulic conductivity at 40˚C was found to be definitely higher than values obtained at 
25˚C and 5˚C, at all suction levels. For DuPont soil, the temperature effect on the 
unsaturated hydraulic conductivity was less obvious, but a slightly lower conductivity 
was observed for the function obtained at 5oC. From these results, it can be said that an 
increase in temperature increases the conductivity of the soils of this study. This finding 
can be explained by invoking the viscosity of water concept. The hydraulic conductivity 
is inversely proportional to water viscosity; which in turn is inversely proportional to 
temperature (Hopmans and Dane, 1986). Thus, a temperature increase will induce an 
increase in hydraulic conductivity. 
6.2.3 Numerical Modeling Results 
Two types of analyses were conducted in this study: a sensitivity analysis and 
stepwise analysis. The sensitivity analysis, which consisted of three simulations, was 
performed to compare moisture contents results when hydraulic properties at different 
temperatures were used for the simulations; isothermal conditions at three different 
temperatures were used for the whole duration of the simulation. The stepwise analysis 
consisted of two simulations and made use of time steps for which different properties 
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were used depending on the average temperature values recorded in the field.  The final 
modeling results where compared to the measured values obtained from 10 moisture 
sensors buried on the same soil types located in an airfield test facility in Atlantic City. 
Two different locations (Location E and F) were used in the analysis. Location E 
corresponded to a profile of sensors located near the pavement centerline, while Location 
F corresponded to a profile located near the edge of the pavement. Absolute differences 
between predicted and field measured data were considered to be acceptable, ranging 
from 4 % to 9% for all five simulations.  
The sensitivity analysis consisted of three simulations using isothermal conditions 
at 5oC, 25oC and 40oC. The simulation with hydraulic properties at 40oC (Model 3) 
resulted in the largest differences, while the simulation with properties at 5oC (Model 1) 
resulted in the least differences between measured and predicted values. The results were 
better for Models 1 and 2, because the temperatures in the field varied from about 5oC to 
25oC at shallow depths and from 13oC to 19oC for deeper sensors. When the results were 
analyzed by considering different depths, it was found that the best predicted values for 
shallow depths were obtained with Model 1 and 2 (low temperature model) and the best 
predictions for deepest location was obtained with Model 3 (high temperature model). 
Also, it was found the best predictions varied by location. The predictions at side of 
pavement were better than prediction at center of pavement. 
The stepwise analysis was performed to simulate the moisture movement in the 
field. It consisted of two runs with different time steps. Model 4 made use of five time 
steps within the DuPont soil (shallower soil) for which SWCC and hydraulic 
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conductivities at 20oC, 15oC, 5oC, 15oC and 20oC were used to complete the 360 days of 
the simulations. For the deeper regions of DuPont soil, three steps at 20oC, 15oC and 
20oC were used. Model 5 used six steps with hydraulic properties corresponding to 20oC, 
12.5oC, 7.5oC, 12.5oC, 20oC and 22.5oC for upper regions of DuPont soil and five steps 
for the deeper layers of DuPont soil. Overall results show a slight improvement in 
predictions when more steps were used with overall absolute differences varying from 9% 
for Model 4 to 4% for Model 5.  
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6.3 Recommendations for Future Research 
This study provided the civil engineering field with an important dataset of 
unsaturated hydraulic conductivity functions for two clayey silt materials obtained at 
different temperatures. These properties are very difficult to obtain due to the long 
duration of the test procedures. A numerical analysis of the thermal effects on moisture 
flow under a covered area was also attempted. However, more research could be 
conducted in the following areas: 
The unsaturated hydraulic properties were obtained at three different temperatures. 
Higher temperatures, such as 60oC and 80oC, could be used to evaluate the thermal effect 
on these properties for fine-grained materials. This would allow the results to be 
applicable to engineering systems subjected to higher temperature conditions.  
The hydraulic conductivity was obtained by the instantaneous profile technique, 
which, despite the researchers’ effort to improve, it is still a challenging test to perform 
and the results are difficult to interpret due to the large variation in magnitude (several 
orders of magnitude) associated with the unsaturated hydraulic conductivity. This 
technique can be improved if more volumetric water content sensors can be used at 
multiple locations within the testing specimens. Furthermore, matric suction should be 
directly measured by suction sensors, instead of indirectly obtaining it from the SWCC 
results.  
The numerical analysis performed made use of a two-dimensional software 
package. Further analysis can be done by creating a three dimensional model to simulate 
the moisture flow of the whole testing facility. Also, this study was limited to one soil 
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profile. Simulations results considering more profiles will contribute to a more robust 
database and more solid conclusions. Furthermore, different numerical modeling 
programs can be used to perform the analysis such as packages available from Geo-Slope 
and CODE-BRIGHT. The SVFlux package can also be coupled with SVHeat to evaluate 
not only the effect of temperature on hydraulic properties but also to evaluate the 
moisture effect on thermal properties of the soil.  
Finally, the SWCC and unsaturated hydraulic conductivity functions can be use in 
the validation of existing models that include temperature in the determination of the 
SWCC. Furthermore, these functions can be modified to include temperature as 
independent variable; which will aid in the implementation of temperature effects on the 
hydraulic properties of unsaturated soils. This is of particular interest in the estimation of 
moisture movement in soils susceptible to temperature changes and more appealable to 
practitioners.  
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APPENDIX A 
SWCC DATA SET 
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SWCC at 5 
o
C- DuPont Soil
Brass Ring End of test Ceramic stone
Height(cm) 2.39 Mass of ring(g) 75.60 BeforeTest 142.4
Diameter(cm) 6.33 Mass of pan(g) 41.90 After Test 142.4
Volume(cm
3
) 75.28 Wet specimen+pan(g) 249.10
Mass(g) 75.60 Dry specimen + pan(g) 219.88
Mass of dry soil(g) 102.38
Specimen Mass of water(g) 29.22
Compacted sample mass(g) 214.83 Final w% 28.54
Saturated sample mass(g) 216.59
Matric Suction (kPa) Volume reading Water content(%) Height(cm) Dry density(g/cm
3
)
L R
0.1 110 110 37.72 2.39 1.36
100.0 132 132 35.6 2.36 1.38
300.0 150 150 33.79 2.31 1.41
800.0 165 165 32.33 2.30 1.42
1400.0 204 204 28.54 2.27 1.44
3769.3 20.81 1.49
4602.3 19 1.51
4898.0 18.9 1.51
8698.0 14.52 1.56
Matric Suction (kPa)  θ (%) Se S(%) Y_hat Constraints Van Genuchten Parameters 
0.10 51.52 1.00 100.06 0.58 0.16 a 0.0006
100.00 48.63 0.94 97.24 0.54 0.11 n 1.3500
300.00 46.16 0.90 96.58 0.50 0.06 m 0.2593
800.00 44.16 0.86 93.08 0.45 0.02 ∑error
2
0.28
1400.00 38.98 0.76 84.61 0.40 -0.08
3769.27 34.69 0.67 75.27 0.38 -0.28
4602.32 34.04 0.66 73.73 0.24 -0.40
4898.00 28.44 0.55 65.68 0.18 -0.17
8698.00 22.26 0.43 54.30 0.15 -0.16
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SWCC at 25 
o
C- DuPont Soil
Brass Ring End of test Ceramic stone
Height(cm) 2.40 Mass of ring(g) 44.91 BeforeTest 145.4
Diameter(cm) 6.12 Mass of pan(g) 121.80 After Test 145.4
Volume(cm
3
) 70.51 Wet specimen+pan(g) 285.99
Mass(g) 44.91 Dry specimen + pan(g) 262.60
Mass of dry soil(g) 95.89
Specimen Mass of water(g) 23.40
Compacted sample mass(g) 175.32 Final w% 24.40
Saturated sample mass(g) 176.97
Matric Suction (kPa) Volume reading Water content(%) Height(cm) Dry density(g/cm
3
)
L R
1 100 100 38.00 2.39 1.36
100 124 124 35.48 2.40 1.36
200 151 151 32.64 2.34 1.39
500 186 186 29.01 2.28 1.43
1000 216 216 25.86 2.22 1.47
1400 230 230 24.44 2.20 1.48
2890 19.93 1.54
3784 14.38 1.60
6330 14.07 1.60
9040 13.94 1.60
28183 9.79 1.64
Matric Suction (kPa)  θ (%) S(%) Yhat Constrains Fredlund &Xing Parameters
1 0.52 100.81 0.38 -0.05 a 1791.62
100 0.48 94.12 0.33 0.00 n 0.65
200 0.45 90.67 0.31 0.00 m 1.28
500 0.42 85.48 0.27 0.00 ψr 3589443.79
1000 0.38 80.20 0.25 0.00 ∑error
2
1.23
1400 0.36 77.57 0.23 0.00
2890 0.31 68.09 0.23 -0.07
3784 0.23 53.83 0.14 0.00
6330 0.23 52.94 0.12 -0.04
9040 0.22 52.56 0.10 -0.02
28183 0.16 39.57 0.07 -0.01
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SWCC at 40 
o
C- DuPont Soil
Brass Ring End of test Ceramic stone
Height(cm) 2.27 Mass of ring(g) 39.80 BeforeTest 171.3
Diameter(cm) 6.13 Mass of pan(g) 119.10 After Test 171.3
Volume(cm
3
) 66.96 Wet specimen+pan(g) 268.58
Mass(g) 39.80 Dry specimen + pan(g) 249.97
Mass of dry soil(g) 91.07
Specimen Mass of water(g) 18.61
Compacted sample mass(g) 163.65 Final w% 20.44
Saturated sample mass(g) 165.22
Matric Suction (kPa) Volume reading Water content(%) Height(cm) Dry density(g/cm
3
)
L R
1 50 50 37.50 2.27 1.36
100 80 80 34.18 2.26 1.37
200 112 112 30.64 2.20 1.40
500 155 155 26.02 2.14 1.44
1000 188 188 22.36 2.09 1.47
1400 205 205 20.44 2.08 1.49
5820 15.09 1.60
9207 12.94 1.60
17210 12.20 1.62
30449 9.18 1.64
38884 9.85 1.64
Matric Suction (kPa)  θ (%) S(%) Yhat Constrains Fredlund &Xing Parameters
1 0.52 99.50 0.30 -0.08 a 600.00
100 0.48 91.43 0.27 -0.07 n 0.63
200 0.44 86.31 0.22 -0.08 m 0.92
500 0.38 77.56 0.17 -0.09 ψr 60000.00
1000 0.34 69.96 0.12 -0.10 ∑error
2
1.04
1400 0.31 65.11 0.10 -0.10
5820 0.25 56.66 0.11 -0.04
9207 0.21 48.24 0.05 -0.08
17210 0.20 47.42 0.08 -0.04
38884 0.15 36.92 0.05 -0.04
30449 0.17 39.54 0.06 -0.04
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SWCC at 5 
o
C- County Soil
Brass Ring End of test Ceramic stone
Height(cm) 2.43 Mass of ring(g) 75.70 BeforeTest 176.4
Diameter(cm) 6.20 Mass of pan(g) 48.40 After Test 176.4
Volume(cm
3
) 73.33 Wet specimen+pan(g) 257.14
Mass(g) 75.70 Dry specimen + pan(g) 233.36
Mass of dry soil(g) 109.26
Specimen Mass of water(g) 23.79
Compacted sample mass(g) 217.73 Final w% 21.77
Saturated sample mass(g) 219.89
Matric Suction (kPa) Volume reading Water content(%) Height(cm) Dry density(g/cm
3
)
L R
1 104 104 31.97 2.43 1.49
20 133 133 29.33 2.42 1.50
50 142 142 28.45 2.41 1.50
100 160 160 26.87 2.40 1.51
500 186 186 24.50 2.39 1.51
1000 207 207 22.57 2.39 1.52
1400 215 215 21.77 2.38 1.52
20417 12.20 1.59
11617 14.66 1.56
40298 9.11 1.63
Matric Suction (kPa)  θ (%) S(%) Yhat Constrains Fredlund &Xing Parameters
1 47.65 100.65 47.00 0.10 a 2.39
20 43.86 93.02 43.00 -0.15 n 8.57
50 42.72 90.99 42.00 -0.31 m 0.02
100 40.47 86.51 39.00 -1.41 ψr 172.21
500 37.04 79.52 36.00 0.02 ∑error
2
5.90
1000 34.25 73.83 33.00 0.05
1400 33.14 71.72 32.00 0.49
20417 19.37 44.13 18.00 0.13
11617 22.81 50.68 20.82 0.78
40298 14.87 35.11 17.39 -1.00
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SWCC at 25 
o
C- County Soil
Brass Ring End of test Ceramic stone
Height(cm) 2.33 Mass of ring(g) 41.20 BeforeTest 176.4
Diameter(cm) 6.12 Mass of pan(g) 48.40 After Test 176.4
Volume(cm
3
) 68.46 Wet specimen+pan(g) 210.18
Mass(g) 41.20 Dry specimen + pan(g) 191.61
Mass of dry soil(g) 102.01
Specimen Mass of water(g) 18.58
Compacted sample mass(g) 173.81 Final w% 18.21
Saturated sample mass(g) 175.27
Matric Suction (kPa) Volume reading Water content(%) Height(cm) Dry density(g/cm
3
)
L R
1 77 77 31.44 2.43 1.49
50 108 108 28.37 2.32 1.49
100 128 128 26.46 2.32 1.49
500 161 161 23.19 2.31 1.50
1000 186 186 20.75 2.30 1.50
1400 212 212 18.22 2.29 1.52
7179 13.92 1.55
10500 13.66 1.59
Matric Suction (kPa)  θ (%) S(%) Yhat Constrains Fredlund &Xing Parameters
1 46.79 98.98 0.02 a 3776.73
50 42.22 89.57 0.02 n 0.36
100 39.38 83.78 0.01 m 2.05
500 34.51 73.85 0.00 ψr 50000.00
1000 30.88 66.66 -0.01 ∑error
2
0.86
1400 29.90 59.54 0.00
7179 21.70 49.45 0.01
10500 21.64 49.44 -0.01
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SWCC at 40 
o
C- County Soil
Brass Ring End of test Ceramic stone
Height(cm) 2.31 Mass of ring(g) 35.10 BeforeTest 176.2
Diameter(cm) 6.14 Mass of pan(g) 121.10 After Test 176.2
Volume(cm
3
) 68.47 Wet specimen+pan(g) 278.74
Mass(g) 35.10 Dry specimen + pan(g) 258.23
Mass of dry soil(g) 102.03
Specimen Mass of water(g) 20.52
Compacted sample mass(g) 167.73 Final w% 20.11
Saturated sample mass(g) 169.19
Matric Suction (kPa) Volume reading Water content(%) Height(cm) Dry density(g/cm
3
)
L R
1 88 88 32.00 2.31 1.49
100 126 126 28.28 2.31 1.49
200 135 135 27.41 2.30 1.50
500 187 187 22.33 2.29 1.51
1000 207 207 20.35 2.28 1.51
1400 209 209 20.11 2.27 1.52
6041 14.48 1.57
7377 13.86 1.57
10832 13.24 1.57
15740 8.46 1.59
17889 6.86 1.60
Matric Suction (kPa)  θ (%) S(%) Yhat(%) Constrains Fredlund &Xing Parameters
1 47.68 100.00 0.01 a 114.10
100 42.13 88.36 0.01 n 0.52
200 40.83 85.64 0.02 m 0.55
500 33.28 69.79 -0.02 ψr 1200.00
1000 30.32 63.59 -0.01 ∑error
2
0.86
1400 29.97 62.85 0.00
6041 21.76 48.86 0.00
15740 13.46 30.72 0.02
17889 10.98 25.26 0.02
7377 22.69 50.84 -0.03
10832 20.7782 46.6621 -0.05
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APPENDIX B 
UNSATURATED HYDRAULIC CONDUCTIVITY FUNCTIONS DATA SET 
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Matric suction 
(kPa) 
Hydraulic 
conductivity (m/s) 
Temperature 
( ˚C) 
Material  
1 3.26E-11 40 County soil 
42.5 1.79494E-12 40 County soil 
61.25 8.47064E-13 40 County soil 
92 9.93914E-13 40 County soil 
117 8.42515E-13 40 County soil 
17152.5 3.17697E-14 40 County soil 
17312.5 3.83827E-14 40 County soil 
19275 1.80378E-14 40 County soil 
22581.25 2.00228E-14 40 County soil 
24875 1.25229E-14 40 County soil 
25092.5 2.35758E-14 40 County soil 
25526.25 2.44464E-14 40 County soil 
27857.5 1.44138E-14 40 County soil 
29885 1.12974E-14 40 County soil 
31866.25 9.48717E-15 40 County soil 
52250 2.1745E-15 40 County soil 
126750 2.37085E-15 40 County soil 
253750 1.63467E-15 40 County soil 
1 2.37E-11 25 County soil 
98.75 6.99134E-13 25 County soil 
493.75 8.16595E-14 25 County soil 
637.5 4.06187E-14 25 County soil 
780 8.58499E-14 25 County soil 
1072.5 2.94636E-14 25 County soil 
1500 1.32921E-14 25 County soil 
34782.5 1.43504E-16 25 County soil 
1 1.41E-11 5 County soil 
122.5 4.24092E-13 5 County soil 
1407.5 3.88878E-14 5 County soil 
24425 3.62E-16 5 County soil 
1 1.1E-10 40 DuPont soil 
119 1.63863E-12 40 DuPont soil 
137.25 9.45318E-13 40 DuPont soil 
285 4.53374E-13 40 DuPont soil 
339.5 2.16493E-13 40 DuPont soil 
10135 3.09614E-14 40 DuPont soil 
10262.5 1.57536E-14 40 DuPont soil 
10935 2.75251E-14 40 DuPont soil 
11462.5 1.89127E-14 40 DuPont soil 
12450 2.38225E-14 40 DuPont soil 
20425 2.52695E-15 40 DuPont soil 
1 8.02E-11 25 DuPont soil 
100.5 5.43832E-12 25 DuPont soil 
842.5 4.14792E-14 25 DuPont soil 
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867.5 7.23499E-14 25 DuPont soil 
6006.25 2.43894E-14 25 DuPont soil 
11975 2.0715E-14 25 DuPont soil 
27000 2.94448E-14 25 DuPont soil 
1 4.76E-11 5 DuPont soil 
1263.25 1.11E-13 5 DuPont soil 
2291.25 4.97E-14 5 DuPont soil 
2448.75 1.39E-14 5 DuPont soil 
4930 4.26E-15 5 DuPont soil 
11237.5 3.03E-14 5 DuPont soil 
12952.5 1.4E-14 5 DuPont soil 
 
